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Abstract

Temperature may be considered the most important combustion parameter
owing to its exponential influence on chemical reaction rates and on the for-
mation of combustion products. However, reliable and detailed experimental
temperature measurements are limited. Therefore, there is a strong need to
develop a reliable temperature measurement technique for combustion en-
vironments that is relevant to practical devices such as turbulent sooting
flames. This dissertation reports further development and application of a
laser-based instantaneous temperature imaging technique called Non-linear
excitation regime Two-Line Atomic Fluorescence (NTLAF) of indium in four
journal papers. This dissertation, first, provides a new understanding of the
mechanisms behind a novel seeding method employed in the NTLAF tech-
nique. Second, new knowledge of interferences to the indium fluorescence in
highly sooting flames was reported and an effective means to improve the pre-
cision and accuracy of the NTLAF technique was demonstrated. Third, the
accuracy of the improved NTLAF technique in turbulent sooting flames was
assessed by comparing results with those obtained by the German Aerospace
Centre (DLR) group using an independent technique. Finally, a line-wise
NTLAF technique, which enables flame temperature measurement in highly
sooting flames under high-flux irradiation, has been demonstrated.

The mechanisms of a novel seeding arrangement for the NTLAF tech-
nique, indium nanoparticles seeding, have been investigated. It was found
that the NTLAF signal generation is associated with the vapourisation of
indium nanoparticles into the gas phase by thermal decomposition. In ad-
dition, laser-induced in-situ ablation of the indium nanoparticles within the
flame can be a further source of indium fluorescence. This is only significant
in the low temperature regions of the flame that are also near to the base
of the flame and is expected to generally have only a small influence on the

NTLAF’s accuracy since these regions are mostly at a temperature that is
below the threshold of the NTLAF technique of ~ 800 K.
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Spatially- and temporally-resolved spectral measurements were employed
to characterise the spectral interferences to indium fluorescence. A set of
narrow-band filters with a bandwidth of ~ 1.2 nm (full-width at half-maximum,
FWHM) and a high peak transmission of ~ 95% was then used to suppress
interferences based on the spectral characteristics of the interferences. In
comparison to a previous NTLAF configuration with broad-band band-pass
filters employed (FWHM = 10 nm and transmission of ~ 50%), it was found
that the measurement accuracy was improved from 198 K to 10 K at a lo-
cation where the soot volume fraction is 1.2 ppm. An average reduction of
40% in the standard deviation of measured temperature in single-shot mea-
surements has also been achieved with the use of high transmission filters.

The accuracy of the improved NTLAF technique was assessed by per-
forming planar measurements of temperature in a well characterised, lifted
ethylene jet flame with a peak mean soot volume fraction of ~ 0.52 ppm
and comparing these results with previous measurements obtained by the
DLR group with Coherent Anti-Stokes Raman Scattering (CARS). Good
agreement was found between the temperature results obtained with these
two techniques, especially within a large central region of the flame in which
a high probability of strong NTLAF signal occurs. In addition, measure-
ments of planar soot volume fraction were simultaneously performed with
the temperature measurements. It has been found that the joint probabil-
ity of temperature and soot volume fraction depends more strongly on axial
than on radial distance, consistent with previous trends found in other flames.

A line-wise NTLAF technique has also been developed to enable flame
temperature measurement in highly sooting flames under high-flux irradi-
ation, which is relevant to conditions in high temperature, solar receiver-
combustors. Flame temperature was measured at various heights, with and
without high-flux irradiation. The strong scattering interference to the NT-
LAF signal from the irradiated soot particles was accounted for by subtract-
ing the scattering background. At a flame height of 40 mm and r = 0 mm,
the temperature measurement probability distribution had a standard devi-
ation of 40 K, or 2.2%), while the measurement accuracy due to the presence
of unaccounted spectral interferences was about + 45 K. The high-flux solar
irradiation was also found to increase the temperature of the flame by up to
~ 100 K at heights above burner (HAB) between 26 mm and 41 mm and by
~ 50 K elsewhere on the centreline. The radial profiles of temperature show
similar trends.

The first contribution of this dissertation is that the mechanisms of a
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novel seeding method for the NTLAF technique, indium nanoparticles seed-
ing, have been found to be associated with vapourisation and in-situ laser
ablation of indium nanoparticles. The influence of this seeding method on the
accuracy of the NTLAF technique was found to be negligible in the regions
where the indium nanoparticles decompose completely. The second major
contribution is characterisation of the interferences to the indium fluores-
cence for the NTLAF technique, which leads to the improvement of accuracy
and precision of the NTLAF technique in highly sooting flames with the
use of a set of narrow-band filters. The accuracy and precision of the im-
proved NTLAF technique for turbulent sooting flames was then assessed by
performing temperature measurements in a well characterised, lifted ethylene
jet flame and comparing temperature results with previous CARS data. This
comparison confirms good agreement between the two methods within a large
central region of the flame. Soot volume fraction measurements were simul-
taneously performed in this flame to advance understanding of soot evolution
in turbulent sooting flames. It has been found that the joint probability of
temperature and soot volume fraction depends more strongly on axial than
on radial distance. Lastly, a line-wise NTLAF technique has also been de-
veloped to enable temperature measurement in highly sooting flames under
high-flux irradiation, which is relevant to conditions in high temperature,
solar receiver-combustors.
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Chapter 1

Introduction

1.1 Background

According to World Energy Outlook 2014 [1], the combustion of fossil fuels
such as coal, oil, natural gas, bitumen and carbon-containing wastes accounts
for 82% of the thermal energy used world-wide to generate electricity or
support heat-dependent industrial processes. The World Energy Outlook
2014 also predicts that fossil fuels will continue to remain the dominant
sources of energy in 2040, only falling from 82% to 80% in the Current
Policies Scenario and to 74% in the New Policies Scenario, with slight
changes to shares of the energy mix. Furthermore, combustion also plays
an important role in the production and utilisation of renewable fuels such
as biomass and hydrogen. Despite the ever-increasing importance of other
renewable energy sources such as solar and wind, combustion will remain
important for the foreseeable future. Therefore, in the face of the human
health effects and environmental impacts of fossil fuel combustion [2—4], it is
important to develop and refine current combustion technologies, including
gas turbines, furnaces, and large-scale combustion systems, to ensure that
they are efficient, effective and substantially cleaner than those currently in
use.

Turbulent non-premixed flames that contain soot are employed in a
large number of practical combustion processes. Soot that forms during
the combustion processes results from the incomplete combustion of fossil
fuels and other organic sources. The formation, growth, transportation and
destruction processes of soot involves complex and concurrent three-phase
physical and chemical processes [5-8]. Although soot formation is desirable
in certain applications, such as industrial furnaces, since the presence of soot
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greatly enhances radiative heat [9], it is often an undesirable combustion
product, one that impedes overall combustion efficiency, for examples, in
engines and gas turbines [10, 11]. The exhaust emissions of soot along with
various gaseous products that are strongly coupled with the processes of soot
formation, growth and oxidation, pose significant environmental challenges
and health risks [2-4, 12]. Therefore, the study of the fundamental processes
of turbulent non-premixed flames that contain soot remains important from
practical, economic, environmental and safety standpoints.

Over the past two decades, numerous investigations of soot formation,
growth and oxidation employing experimentation and computational mod-
elling have advanced the understanding of sooting flames [13-20]. Among
these experiments and ongoing research studies, laser diagnostic techniques
have been playing an important role in providing a detailed understanding
of combustion processes. Laser diagnostic techniques can deliver in-situ,
non-intrusive, planar, and instantaneous measurements of many important
parameters of interest with desired spatial and temporal resolution; they
also provide high measurement selectivity and sensitivity [21-25]. Recent
advances in laser diagnostics techniques enable the measurement of primary
soot particle diameter (d,) [26-30], soot volume fraction (f,) [20, 29, 31-35],
velocity (v) [18, 19, 36], and temperature (7) [12, 18, 19, 33-35] in flames.
However, detailed investigations of turbulent flames that contain soot
and other particulates still remain limited. This is because strong optical
absorption, scattering, and other interferences associated with the presence
of soot particles and their precursors, or of other particles, present difficulties
for laser diagnostic techniques, resulting in slow advances in understanding
flames that are not free of soot [25]. In spite of significant advances in the
computational power and sophistication of computational methods, the
present ability to predict the behavior of complex turbulent combustion
remains limited [24]. Moreover, the development of such models has been
limited by the availability of sufficiently reliable and detailed experimental
data. Therefore, to advance our understanding of soot evolution in flames,
there is an urgent need to develop reliable laser-based diagnostic techniques
that can be applied in sooting flames.

To understand soot evolution in turbulent flames, instantaneous and
planar measurements are highly desirable, as these provide better insight
than point-wise measurements on the scalar gradients in the field of view.
It is also highly desirable that such measurements not only be well resolved
spatially and temporally but that they record multiple parameters
simultaneously. This is necessary due to the complex coupling between
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soot, turbulence, radiation and chemistry. Of these, two of the parameters
of greatest interest are soot volume fraction (f,), which characterizes the
amount of soot in the flame, and flame temperature (7T'), on which all
reaction rates depend. However, only a few simultaneous measurements of
these two parameters in well-characterised turbulent flames [12, 33, 37] and
in JP8 pool fires [34, 38] have been reported and none of these are spatially
well-resolved or of known absolute accuracy. Therefore, there is a need, first,
to assess measurement accuracy through independent measurements of soot
volume fraction and flame temperature using non-intrusive, laser-based
diagnostic techniques and, second, for the provision of new insight and
data, through the simultaneous and planar measurement of these parameters.

While soot volume fraction can be measured using the relatively mature
laser-induced incandescence (LII) technique, laser-based thermometry
techniques require substantial further development owing to the strong
interference encountered in the measurements from soot particles and their
precursors. Among available laser-based thermometry techniques, two-line
atomic fluorescence (TLAF) using seeded atomic indium as a tracer has
been demonstrated to potentially provide planar temperature information
in sooting flames, taking advantage of its strong atomic LIF signal and
its sensitivity to flame temperatures between 800 K and 2800 K [39, 40].
However, in large-scale turbulent flames, single-shot TLAF measurements
are difficult to implement when a relatively low laser fluence is used. This is
because it is difficult to sufficiently seed indium in these flames. Therefore,
the non-linear excitation regime TLAF (NTLAF) and saturated TLAF
regime (STLAF) have been developed to improve the signal and, with it, the
signal-to-noise ratio (SNR) [41-44]. Despite the advantages of NTLAF and
sTLAF, using relatively high laser fluence can enhance the SNR and thereby
enable single-shot measurements; high laser fluence also generates large
interferences in flames with high soot loading. However, these approaches
have had limited applicability in previous investigations of flames with soot
volume fractions of less than ~ 1 ppm [35, 43, 45]. Hence, to improve the
accuracy and precision of the measurements, these interferences must be
suppressed. The objective for the present work is, therefore, to broaden the
range of applicability of the NTLAF technique in turbulent sooting flames
with a peak soot volume fraction of several parts per million (ppm).

A key challenge identified in previous experiments with large-scale
turbulent flames using the NTLAF technique is that of seeding indium
atoms into the flames to achieve a satisfactory SNR for single-shot imaging
while also minimising other influences on the flame. A novel seeding
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arrangement in which a laser ablation seeder can be used to produce indium
nanoparticles for seeding has been developed to meet these desirable seeding
characteristics [46, 47]. It has been found that the influence of the nanopar-
ticle seeding on the flames was negligible and sufficient SNR for single-shot
imaging can be achieved [48]. However, the evolution of the indium
nanoparticles through the flame, the mechanisms by which neutral indium
atoms are generated in and transported through the flame as well as its
possible influences on the NTLAF technique, are unknown. Therefore, there
is a need for new knowledge of nanoparticle seeding for NTLAF thermometry.

The development of techniques that integrate concentrating solar ther-
mal (CST) and combustion technologies has driven growing interest in the
impact of concentrated solar irradiation on flames. One of such technologies
is the hybrid solar-thermal receiver-combustor (HRC) [49], which integrates
combustion into a solar cavity receiver to allow the two energy sources to
be harvested in a single device, which results in some periods of operation
in which the flame is irradiated with high-flux, broad-band irradiation. To
optimize the design of the HRC, especially for the mixed mode of operation
with both CST and combustion, a detailed understanding of the interactions
between the flame and the concentrated solar thermal energy is required.
These complex interactions involve the non-linearly coupled processes of
heat transfer, turbulence and chemistry, which are all dependent on flame
temperature. It is therefore important to measure temperature distribution
in this challenging environment with high temperatures and high-flux
irradiation.

Laser diagnostic tools are preferred over intrusive probes in such high tem-
perature environments owing to their non-intrusive nature and good temporal
and spatial resolution [22, 24, 25, 50]. However, the additional scattering in-
terference from particles and burner components is too strong for many of
these laser-based optical methods to be applied reliably. For example, filtered
Rayleigh scattering thermometry suffers from a low signal-to-interference ra-
tio (SNR) even in sooting flames without additional irradiation. Coherent
Anti-Stokes Raman Spectroscopy (CARS) has been demonstrated to measure
the gas temperature of a reacting flow in a solar receiver/reactor to study
gas phase chemical reactions in a high temperature environment, but this
has only been demonstrated in an environment without any soot particles
and was limited to single-point measurements [51]. Thermometry with laser-
induced fluorescence (LIF), such as TLAF, has shown potential for such
measurements because its signal is collected at a wavelength shifted away
from that of excitation [39, 40, 43, 44, 48, 52]. However, the potential of
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TLAF to perform temperature measurements in sooting flames under strong
external irradiation has yet to be assessed. The final aim of this dissertation
is to investigate this feasibility, measurement precision and accuracy of the
TLAF technique applied to such environment.

1.2 Aims

The aim of this dissertation is to develop and apply an effective single-shot
temperature imaging technique for turbulent sooting flames, with a peak soot
volume fraction (f,) of several parts per million. The specific aims of this
dissertation are as follows:

e to advance the understanding the mechanisms of the nanoparticle
seeding technique and to identify possible influences of nanoparticle
seeding method on the NTLAF technique;

e to assess the sources and characteristics of interferences to both the
Stokes and anti-Stokes LIF signals in highly sooting flames with peak
soot volume fractions of several parts per million;

e to identify a means to improve the signal-to-interference ratio (SIR) in
highly sooting flames and to assess the efficacy of the adopted means
for reducing error in the resulting temperature measurement;

e to assess the accuracy of the improved NTLAF technique in a
well-characterised turbulent sooting flame through a comparison with
previous measurements of temperature using CARS and to increase
the understanding of soot evolution in well-characterised flames from
simultaneous and planar measurements of the joint probability den-
sity function (PDF) statistics of temperature and soot volume fraction;

e to perform temperature measurements in highly sooting laminar flames
under strong interference from high-flux irradiation using a line-wise
NTLAF configuration and to assess the precision and accuracy of the

NTLAF technique.
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1.3 Dissertation Layout

This dissertation consists of seven chapters and constitutes a compilation
of journal papers (published and under review). Following this chapter,
Chapter 2 provides a summary of the relevant background literature and
a critical review of laser-based thermometry techniques for combustion
research about sooting flames. The literature review reveals that there
is an urgent need for improvement of the precision and accuracy of the
thermometry technique in turbulent flames with soot loadings of several
parts per million.

Reporting on the novel seeding method employed in the NTLAF tech-
nique described in the subsequent chapters, Chapter 3 addresses the first
aim of the present work. This novel seeding method involves seeding indium
nanoparticles into flames, which are produced using an in-house seeder via
laser ablation. The chapter, more specifically, reports the mechanisms of
atomic indium generation for indium LIF from indium nanoparticles. The
influences of this seeding method on the NTLAF technique are also reported.

Chapter 4 addresses the second and third aims of the present work,
assessing the characteristics of interferences to both the Stokes and
anti-Stokes LIF signals in highly sooting flames with peak soot volume
fractions of several parts per million, as assessed through spatially- and
temporally-resolved spectral measurements. The utilisation of a set of
narrow-band filters (FWHM ~ 1.2 nm) with high peak transmission (~
95%) for signal collection and interference suppression is also assessed.
Temperature measurements obtained with narrow-band filters (FWHM ~
1.2 nm) and conventional band-pass filters (FWHM ~ 10 nm), in both a
soot-free flame and a sooting flame, are reported and compared.

Chapter 5 addresses the fourth aim of the present work.  Simul-
taneous measurements of temperature and soot volume fraction in a
well-characterised, lifted ethylene jet flame with a peak soot volume fraction
of several parts per million were performed using the improved NTLAF
technique.

Chapter 6 reports the development of a line-wise NTLAF technique to
measure flame temperature in a laminar non-premixed ethylene sooting flame
under strong interference from high-flux, broad-band irradiation, which is
relevant to conditions in high temperature, solar receiver-combustors. For
this experiment, flame temperature was measured at various heights, with
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and without the high-flux irradiation.

Finally, Chapter 7 presents conclusions and recommendations for future
work based on this research.
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Chapter 2

Literature Review

2.1 Thermometry in sooting flames

Temperature is one of the key controlling parameters of the combustion
process. It determines the overall efficiency of combustion process and expo-
nentially influences all the chemical reactions responsible for radiation heat
transfer and the formation of combustion products, including pollutants and
soot particles [53]. In the context of this project, a fundamental understand-
ing of soot formation, growth, and oxidation processes in turbulent sooting
flames is needed. This requires an accurate and reliable measurement of
flame temperature.

Due to their ability to provide non-intrusive measurements, laser diag-
nostic techniques have been under continuous development for the past
few decades. They are particularly suitable for this study because they can
deliver in-situ, planar and instantaneous measurements of many important
parameters of interest with desired spatial and temporal resolution; they can
also provide high measurement selectivity and sensitivity [21-25]. However,
it is difficult to apply these techniques for temperature measurements in
strongly sooting flames owing to the strong absorption, spectral interference
from particulate scattering, and fluorescence from large molecule that occurs
in such flames [25].

2.2 Laser-based thermometry techniques

To meet the requirements for both instantaneous and planar measurements
of temperature in combustion, several laser-based techniques have been
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developed.  These include Rayleigh scattering (RS) [54-58], Coherent
Anti-Stokes Raman Spectroscopy (CARS) [59], two-line laser induced
fluorescence (LIF) using OH [60], two-line fluorescence from atomic indium
(35, 39-44, 48, 52] and multi-line LIF NO [61, 62]. All of these techniques
generally work well in soot-free flames or flames with a low soot loading.
However, in the more challenging environments of highly sooting turbulent
flames, due to the presence of soot particles and their precursors, the appli-
cation of these laser-based optical methods is limited by strong interferences,
including elastic and inelastic laser scattering.

Rayleigh scattering-based thermometry detects the elastic scattering
signal of a cross-section of a gas mixture by molecules to give a measurement
of the total number density. Assuming a constant pressure and applying
the ideal gas law, a temperature can be deduced in this way because it is
inversely proportional to the Rayleigh signal [54, 57, 58]. However, Rayleigh
scattering does not convey any information on the nature or the temperature
of the probed molecules. Especially in complex environments such as a
turbulent gas mixture, instantaneous and complete characterisation of the
mixture and the cross-section of all its constituents must be known to
determine the temperature. In addition, Rayleigh scattering measurements
can only be employed under very clean, particle free conditions because
Mie scattering from particles is ten to twenty orders of magnitude more
intense than Rayleigh scattering [21]. Therefore, Rayleigh scattering is only
applicable in a restricted monitored combustion environment [21, 23, 25].
Filtered Rayleigh scattering (FRS), which allows accurate planar tem-
perature measurements in weakly sooting flames, has been developed
to circumvent problems associated with elastic scattering [55, 56]. How-
ever, FRS suffers from reduced SNR in flames with high soot loadings [21, 54].

Coherent Anti-Stokes Raman Spectroscopy (CARS) has proved its
usefulness for accurate point-wise thermometry in various temperature
and pressure ranges of practical combustion systems, including gas turbine
combustors [63], liquid fuel combustors [64] and sooting turbulent pool fires
[65]. CARS offers a stronger signal and is more applicable to luminous
and particle laden flows than Rayleigh scattering-based thermometry [66]
and can provide a high precision temperature measurement, making it an
attractive technique [67]. Nonetheless, the necessity for line-of-sight optical
access in this technique, its experimental complexity (including saturation
by Raman pumping, the effects of the laser mode and SNR limitations),
its lack of spatial fidelity in areas with a high temperature gradient in
comparison to planar techniques, its subjection to differential beam steering



Chapter 2. Literature Review 11

and its differential attenuation all restrict the generic application of CARS
in turbulent, large-scale applications [23]. Similarly, while two-dimensional
CARS is an exciting technique under development, it is yet to be tested
with sooting flames [59].

Various laser-induced fluorescence (LIF) approaches for thermometry
have also been attempted based either on a naturally occurring species such
as NO [61, 62, 68] and OH [69, 70] or on seeded atoms [71]. However, due to
the low prevailing temperatures and low levels of oxidising species present,
OH exhibits low concentrations in fuel-rich and sooting flames [69]. These
problems can be partially overcome by seeding the combustion process
with suitable atoms as thermometry markers. Experiments in fuel-rich
flames have been performed based on thermally assisted fluorescence of
gallium atoms [72]. The disadvantage of thermally assisted fluorescence is
that knowledge of the collisional cross-subsections of all involved species is
required. Unfortunately, in highly sooting turbulent flames, this parameter
is difficult to assess. In contrast, two-line atomic fluorescence (TLAF) using
seeded atomic indium as a tracer, taking advantage of its strong LIF signal
and its sensitivity to flame temperatures between 800 K and 2800 K, has
been used to provide instantaneous planar temperature measurements in
sooting flames [39, 40]. However, the precision and accuracy of TLAF when
applied to single-shot temperature imaging in highly sooting flames with a
peak soot volume fraction of several part per million, is yet to be investigated.

2.3 Two-line Atomic Fluorescence

Over the last two decades, two-line atomic fluorescence (TLAF) has evolved
to become one of the most applicable techniques for measuring temperature
in particle-laden flows, especially sooting flames [23, 39, 40, 52]. Omenetto et
al. [72] have developed point TLAF thermometry technique using thallium
as the seeding species and a compact arc lamp for excitation. Zizak et al. [73]
and Joklik et al. [71] investigated different excitation sources and compared
the accuracy of TLAF with other thermometry methods, finding that a
more intense excitation source, such as a pulsed dye laser, could overcome
many of the physical limitations of a vapour discharge lamp. Advancements
in both laser technology and digital imaging have made TLAF a viable
temporally- and spatially-resolved temperature measurement technique
for flames. Engstrom et al. [39] and Nygren et al. [40], for instance,
have demonstrated that linear excitation regime TLAF with indium holds
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promise for temperature measurements in highly sooting flames with simple
burner configurations. Hult et al. [74] have developed a pointwise TLAF
system with the use of two extended-cavity diode laser systems (ECDLs).
Chrystie et al. [75] further developed this TLAF configuration to enable a
repetition rate of 3.5 kHz with a precision of 1.5% at 2000 K in laminar
methane/air flames. Through the evolution of the TLAF technique, the
robustness and the accuracy of planar TLAF measurements have been
significantly improved, making TLAF an attractive thermometry technique
for temperature diagnostics in turbulent sooting flames.

In comparison with other laser-based thermometry techniques, TLAF
offers several distinct advantages that make it a promising technique for
temperature measurements in particle-laden environments (e.g., sooting
flames). First, TLAF allows for measurements in systems with inhomo-
geneous distributions of seeded species concentrations, which is typical of
turbulent environments. Second, TLAF is insensitive to collisional quench-
ing effects between seeding species and other species in flames, because
the temperature is derived from taking the ratio of the two fluorescense
signals, i.e. same quenching behavior. Third, the inelastic nature of its
excitation and detection scheme allows each LIF signal to be separated from
spurious scattered interference, such as the effects of Rayleigh scattering,
Mie scattering, and window and wall scattering. However, most TLAF
measurements have been performed in laminar flames with time-averaged
results are reported [39, 40, 74, 75]. It is, therefore, worthwhile to extend
existing TLAF techniques to enable single-shot temperature measurements
in turbulent flames with high soot loadings, which are of relevance to
industrial combustion systems.

The first limitation of applying earlier TLAF configurations to large-scale
turbulent sooting flames for single-shot temperature imaging is to achieve a
sufficient signal and, therefore, a sufficient SNR. Despite efforts to develop
a variety of seeding methods to provide a sufficient indium concentration
43, 44, 46, 47, 76-78], it remains difficult to achieve sufficient SNR for single-
shot imaging in large-scale turbulent flames without adversely impacting
these flames [48]. An alternative approach to achieving sufficient SNR for
single-shot imaging is to extend the excitation laser fluence from the linear
regime into the non-linear excitation regime TLAF (NTLAF) [35, 41-43, 48]
and the saturated TLAF regime (STLAF) [44]. When high excitation laser
spectral power density is employed, the non-linear excitation regime is
approached so that the populations in the excited states are comparable to
those in the ground state and the decay in excited state atoms by stimulated
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emission becomes non-negligible compared to spontaneous emission. In
a previous study [41], it was shown that the NTLAF technique could be
used to provide a significantly improved SNR over the TLAF technique,
improving single-shot precision from ~ 250 K for the TLAF technique
to ~ 100 K for the NTLAF technique. The accuracy of the NTLAF
technique demonstrated in [48] has been assessed by comparing temperature
measurements with previous single-point measurements obtained by planar
Rayleigh scattering measurements [79], in a well-characterised turbulent
non-premixed flame known as TNF DLR-A. It was found that the NTLAF
temperature results generally agreed with previous Rayleigh scattering data
to within approximately ~ 100 K, indicating that NTLAF is a suitable
means for providing instantaneous imaging in non-premixed turbulent flames.

Despite the advantages that NTLAF could achieve sufficient SNR. to en-
able single-shot planar measurements in large-scale turbulent flames [43, 48],
this NTLAF configuration was found to be susceptible to interference from
soot particles and their precursors in highly sooting flames [45]. In previous
investigations [35, 43, 45], it was found that the applicability of this NTLAF
configuration in sooting flames was limited to a soot volume fraction of less
than ~ 1 ppm. This is because the high laser fluence employed in these
techniques may also generate large interferences in flames with high soot
loading. Chan et al. assessed the magnitude of interference on the NTLAF
measurements in a set of laminar non-premixed ethylene/air flames [45],
recording the radial profiles of emissions with on-resonant and off-resonant
laser excitation (for indium) and comparing these with laser-induced
incandescence (LII) signals. Measurements were performed for both the
Stokes and anti-Stokes processes, with laser line widths of 0.4 cm™! (Stokes)
and 0.3 cm™! (anti-Stokes). Prompt laser-induced emissions were collected
using optical filters with a bandwidth of ~ 10 nm and a camera gate-width
of 50 ns. The interferences were found to account for more than 50% of
the collected signal in regions where the soot volume fraction (f,) was 3.4
part per million. These significant interferences can lead to an unacceptable
error of 200% in the derived temperature, making it impossible to perform
reliable NTLAF measurements in highly sooting flames with this optical
arrangement. Therefore, new methods are needed to suppress, or correct
for, these significant interferences. However, no details on the temporal
or the spectral characteristics of these interferences in sooting flames are
available from which to develop improved optical methods. For this reason,
one aim of the present work is to determine the spectral interferences and
to implement a suppression/correction scheme that allows the extension
of the usable range of the NTLAF technique to flames of higher soot loadings.
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Figure 2.1: Three-level model of indium showing direct-line fluorescence
(non-resonance fluorescence) involved in TLAF energy transitions. The laser
excitation transitions are denoted by arrows pointing upwards. The fluores-
cence transitions are indicated by arrows pointing downwards.

2.3.1 Measurement scheme for TLAF

In previous studies [23, 39, 40], indium has been identified among the
available atomic species as a prime thermometry candidate since it has
a suitable excitation and detection scheme and good sensitivity over a
temperature range 800 to 2800 K at pressures up to 14 bar, which is
nearly the entire range of temperatures encountered in practical combustion
[52]. In a TLAF measurement using indium as a tracer species, the two
laser wavelengths typically chosen to excite atomic indium to the same
upper state are 410.18 nm and 451.13 nm, as shown in Figure 2.1. The
corresponding fluorescence at 451.13 nm (Stokes signal) and at 410.18 nm
(anti-Stokes signal) have been collected through band-pass filters to suppress
both the spontaneous emissions from the flame and the laser scattering from
particles. A temporal separation between the two excitation pulses was
introduced to suppress the spurious scattering that results from excitation
and collection at the same wavelength. The time separation also allows for
thermal equilibrium to be restored before the second laser pulse arrives. It
is assumed that the seeding species atoms are in local thermal equilibrium
with their surrounding environment and, hence, that a gas temperature can
be obtained.
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Temperature expression in the non-linear excitation regime is given by:

AFEy/k
In(Fai(Ioo) % (1+ $2)) — In(Fa(I1) x (14 §4)) + In(Cy)’

Iz

T =

(2.1)

Here T is the flame temperature, A Ejq is the energy difference between
levels 0 (5P /2) and 1 (52P3)5), k is Boltzmann’s constant, F(1) is used to
correct for laser power variations during NTLAF measurements, where F' is
the function of LIF signals dependent on the laser power I, while Cg, C4
are calibration constants to describe the relationship between laser power
and fluorescence signal and C; is a system-dependent calibration constant
that includes factors such as spectral overlap between laser and atomic
line-widths, and detector and light collection efficiencies. These constants
all need to be experimentally determined in the calibration.

2.3.2 Temperature calibration

To obtain the calibration function F' and the calibration constants C's and
C'4 for the Stokes and anti-Stokes processes, calibration curves between the
LIF signal and laser energy were obtained by recording the LIF signal at
different laser energies.

To obtain the system-dependent calibration constant, C;, a soot-free, pre-
mixed CoH,y/air flame was employed. The flow rates were 0.53 L/min for the
CoHy fuel, and 3.91 L/min and 127.7 L /min for the premixed air and co-flow
air stream, respectively. The calibration flame temperature measurements
were performed in the product zone of the calibration flame with a uniform
temperature of 1840 K by using an R-type Pt/Pt-Rh 13% thermocouple with
a wire diameter of 75 pm (Omega, P13R-003). The measurement was per-
formed in the central region of the flame where the temperature is uniform.
A temperature correction of 61 K was added to the raw measurement to cor-

rect for radiation heat loss from the thermocouple, following previous work
[80].

2.3.3 Seeding arrangement for TLAF

In order to generate the TLAF signal, the seeding of neutral indium
atoms into flames is required. It is important that this seeding achieves
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a satisfactory signal-to-noise ratio (SNR) for single-shot imaging, and its
influence on the combustion process to be negligible. This is particularly
challenging in large-scale turbulent flames where the concentration of seeded
indium decreases from the burner exit to the downstream locations and
along the radial distance away from the centreline [48, 76].

Nebuliser seeding is a widely adopted seeding method for TLAF
[39-43, 48, 52, 75, 76, 81]. Nebuliser seeding involves using a nebuliser to
generate fine droplets of indium chloride (InCls) dissolved in a solvent with
a typical concentration varying of 100 and 6000 mg/L [39, 40, 52, 75, 81].
The droplets are then filtered using a droplet selector [52] to avoid seeding
large droplets into the flame and are transported by a carrier gas stream
into the flame. As the droplets enter the flame and are heated, the solvent
is evaporated and the remaining Indium complexes interact with the flame
releasing Indium atoms. The concentration of indium salt dissolved in the
solution and the amount of solvent being seeded into the flame is selected
to generate enough laser-induced fluorescence (LIF) signal in the flame for
a good SNR while keeping the quantity of seeded indium and solvent to a
minimum.

The disadvantage of the nebuliser seeding approach is that the solvent
inevitably changes the flame temperature, the stoichiometry and/or the
soot concentration over that of the parent fuel. The flame temperature is
changed because thermal energy is required to evaporate the droplets to
produce atomic indium, which can also generate local thermal gradients.
The addition of solvents such as methanol or distilled water typically reduces
sooting propensity [82, 83]. For example, Engstrom et al. [39] reported
a flame temperature reduction of 100-150 K in an acetylene/air flame
resulting from the addition of the InCl; aqueous solution into the flame.
For measurements in liquid-fuelled systems, this bias can be mitigated by
dissolving the indium salt into the fuel [52, 84]. In addition, the detection
region is limited to the high temperature fuel rich zone because indium
is highly reactive under oxidising conditions. Due to the high thermal
energy required to decompose the metal salt, the temperature detection
threshold is ~ 1000 K [81]. The major approaches to developing alternative
techniques are that of ablation seeding of nanoparticles [46-48] and of
seeding tri-methyl-indium [78].

Among alternative seeding techniques, the direct seeding of indium
nanoparticles offers potential to seed pure indium while avoiding the
disadvantages of other approaches, which introduce it as a compound.
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Nanoparticles offers many desirable characteristics compared to macro-
particles for direct seeding, including a lowered melting point [85], an
increased absorption cross-section [86], increased reactivity as a result of
a high specific surface area [87, 88] and high purity. Nanoparticles can be
synthesised in a number of ways [89], among which laser ablation appears as
an attractive option because it can deliver freshly produced nanoparticles
of indium into the flame by passing the fuel stream through an ablation
chamber. Laser ablation involves a series of complex physical and chemical
processes including thermal vapourisation, plasma ignition, expansion
and cooling, particle ejection, condensation, coagulation and aggregation
[90-92]. Nanoparticles are formed through the interaction between the
plasma and the ambient gas and the micron-sized particles formed from
other mechanisms, including solid exfoliation, hydrodynamic sputtering and
liquid droplet ejection [93]. However, none of the previous investigations
of laser ablation have been performed under conditions of relevance to
seeding flames for NTLAF measurements [90-93]. For these reasons, there
is a need for new knowledge of nanoparticle seeding for NTLAF thermometry.

The use of laser ablation to generate nanoparticles from an indium rod
has been demonstrated to provide a useful seeding technique for NTLAF
[46-48]. In these studies, a 10 Hz (8 ns pulse duration) 532 nm beam
from an Nd:YAG laser was focused onto an indium rod, which was rotated
and translated in a sealed ablation chamber. Carrier gas was then used
to transport the nanoparticles to the measurement volume. The technique
was shown to generate an indium LIF signal at all measurement heights
in the flame, including detection within the low-temperature regions of
the jet flow or flame, which is not possible with nebuliser seeding. As
no solvent is required, the influence of seeding on flame temperature and
chemistry is significantly mitigated. Strong Mie scattering from the ablation
products confirmed the presence of fine particles in the ablation products,
which suggests that they may play an important role in the thermometry
measurement. However, the form and the evolution of the nanoparticles
through the flame, the mechanism(s) by which neutral indium atoms are
generated in and transported through the flame, and the possible influences
of nanoparticle seeding on the NTLAF technique has previously been
unknown. Hence, the present work aims to provide this understanding.
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2.3.4 Temperature measurement in sooting flames

Severe interference to the fluorescence signal from seeded indium has previ-
ously limited the application of current NTLAF to single-shot temperature
imaging in low sooting flames. Chan et al. [45] assessed the magnitude of
interference on the NTLAF measurements in a set of laminar non-premixed
ethylene/air flames. They recorded radial profiles of emissions with on-
resonant and off-resonant laser excitation (for indium) and compared these
with laser-induced incandescence (LII) signals. Measurements were per-
formed for both the Stokes and anti-Stokes processes, with laser line widths
of 0.4 em™! (Stokes) and 0.3 cm™! (anti-Stokes). Prompt laser-induced
emissions were collected using optical filters with a bandwidth of ~ 10 nm
and a camera gate-width of 50 ns. The interferences were found to account
for more than 50% of the collected signal in regions where the soot volume
fraction was 3.4 ppm. These significant interferences can lead to an unac-
ceptable error in the derived temperature of 200%. Hence, it is impossible
to perform reliable NTLAF measurements in highly sooting flames with this
optical arrangement and new methods are needed to suppress, or correct
for, these significant interferences. However, no details of the temporal
or spectral characteristics of these interferences in sooting flames are
available from which to develop improved optical methods. For this reason,
the first aim of the present investigation is to provide this new understanding.

Aside from laser elastic light scattering (ELS), interference on the
NTLAF signals can be expected to arise from LIF from polycyclic aromatic
hydrocarbons (PAH) and LII signals from soot particles in sooting flames.
These interferences are generated simultaneously with the TLAF signals and
exhibit broad-band spectra, which make them difficult to separate from the
signal. The additional options with which it may be possible to enhance the
suppression of these temporally- and spectrally- overlapped interferences,
or to correct for them, are: (1) to correct the raw image with a separate
image of the interference, acquired by exciting the flame with the same
wavelengths as in the TLAF measurement and simultaneously detected at a
different wavelength to the indium LIF line, e.g. using an interference filter
centered at 430 nm; (2) to temporally suppress the interference by using a
shorter camera gate width (for example, 10—30 ns); (3) to employ excitation
lasers with narrow line widths; and (4) to employ narrower band-pass filters.

An image correction scheme based on interference subtraction was
proposed by Chan et al. [45], in which an additional intensified CCD camera
is introduced to record simultaneously the laser-induced interference at
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a nearby detection wavelength, here at ~ 430 nm. These off-resonance
interferences can then be subtracted from the on-resonance signals, which
contain both the pure indium LIF signals and the interferences. However,
this correction method was found to be of little value for single-shot NTLAF
applications in turbulent sooting flames, because the scatter in the spatial
distribution and intensity between the on- and off-resonance images was too
great to yield acceptable SNR in a turbulent non-premixed flame. This, in
part, is because the interference subtraction method needs to be performed
for both Stokes and anti-Stokes signals, thereby introducing another error
associated with additional image acquisition and increasing the error of
the derived temperature. Additionally, this correction scheme is complex
because additional lasers and cameras are required. Temporal separation
by means of a shorter gate width (for example, when comparing 15 ns to
30 ns) for the detector also offers some potential but is estimated to offer
less than a factor of two improvement in signal-to-interference ratio (SIR).
A laser with a line width narrower than ~ 0.35 cm™! (which is used in the
NTLAF), e.g. a commercial dye laser with a typical line width of ~ 0.1
cm™!, can also be used to enhance SIR. This is because the same level of LIF
signals of indium can be achieved at a lower total laser fluence compared
to using a laser with a broader line width, hence with weaker interferences.
However, the application of lasers with such a narrow line width also suffers
from reduced spectral overlap between the laser line width and the indium
absorption lines, which has a FWHM of ~ 0.95 cm™ for the Stokes process
and 0.6 cm™! for anti-Stokes at atmospheric pressure. Therefore, the LIF
signal of indium also drops under these circumstances. This issue becomes
worse in pressurized flames [74]. Alternatively, the utilization of filters with
a bandwidth narrower than the conventional 10 nm, potentially offers a
simple and suitable method for interference sup- pression. This is because
the LIF from atomic indium has a narrow line width of ~ 0.02 nm [74],
while the interferences are spectrally broadband. For this reason, a set of
customized filters with FWHM of ~ 1.2 nm was chosen and manufactured
to improve the precision and accuracy of the NTLAF technique in sooting
flames via interference suppression. This study aims to assess the efficacy
of the narrow-band filters for interference suppression and for reducing the
measurement error to the resulting temperature measurement.
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2.4 Measurements of flame temperature and
soot volume fraction

A key statistical measurement in turbulent sooting flames that has very lim-
ited data is the joint probability density function (PDF) of temperature and
soot volume fraction [12, 35]. Not only does the development of validated
models require such data in a wide range of flames, but there is also a need to
establish greater confidence in the available data with independent measure-
ments. In particular, the simultaneous laser extinction (for soot volume frac-
tion) and two-color pyrometry (for temperature of the soot) that have been
measured in piloted ethylene jet flames [12, 33, 37] and also in JP8 pool fires
(34, 38] were measured with an entirely different method, one that involved
a semi-intrusive, two-ended optical-fiber probe with a laser beam having a
path length of between 5 mm and 20 mm. The temperature measurements
provided by Mahmoud et al. [35] have a relatively high uncertainty (180
K) because they were obtained with an earlier configuration of the NTLAF
method in which the two temperature images were subjected to differential
beam steering, being collected along different optical paths, and were also
subjected to spectral interference. That method has recently been refined to
suppress interference through the utilisation of narrow-band filters (FWHM
~ 1 nm) with a high transmission (~ 95%) at the signal collection wave-
length and a high optical density (OD) of 6.0 at the excitation wavelength
[94]. Hence, meeting the need for reliable joint PDFs of temperature and
soot volume fraction in well-characterised flames requires both by the need
for complete data in well-characterised flames and a comparison of these with
previous measurements of the joint PDF in other flames.

2.5 Temperature measurements in sooting
flames under high-flux irradiation

There is growing interest in the impact of concentrated solar irradiation
on flames that is driven by the development of techniques that integrate
concentrating solar thermal (CST) and combustion technologies, such as the
hybrid solar-thermal receiver-combustor (HRC) [49]. The HRC integrates
combustion into a solar cavity receiver to allow the two energy sources to
be harvested in a single device, which results in some periods of operation
in which the flame is irradiated with high-flux, broad-band irradiation.
Nathan et al. [95] evaluated the economic viability of the HRC concept
and found that it offers significant potential advantages compared to an
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equivalent solar-gas hybrid (SGH) between a stand-alone cavity receiver
and a gas-fired boiler. These advantages include reduced capital costs
and levelised costs of electricity resulting from the combination of lowered
infrastructure cost and reduced net thermal losses [49, 95]. To optimize
the design of the HRC, especially for the mixed mode of operation with
both CST and combustion, a detailed understanding of the interactions
between the flame and the concentrated solar thermal energy is required.
These complex interactions involve the non-linearly coupled processes of
heat transfer, turbulence and chemistry, which are all dependent on flame
temperature. It is therefore important to measure temperature distribution
in this challenging environment with high temperatures and high-flux
irradiation.

Laser diagnostic tools are preferred over intrusive probes in high temper-
ature environments such as combustion owing to their non-intrusive nature
and good temporal and spatial resolution [22, 24, 25, 50]. However, the total
radiative power in a direct hybrid system is an order of magnitude greater
than the natural radiation from a sooting flame [95], given that the total
thermal inputs from the two sources is comparable while the radiant fraction
from a flame is typically 10-20% [96, 97]. Hence, the additional scattering
interference from particles and burner components is too strong for many of
these laser-based optical methods to be applied reliably. For example, filtered
Rayleigh scattering thermometry suffers from a low signal-to-interference ra-
tio (SNR) even in sooting flames without additional irradiation. Coherent
Anti-Stokes Raman Spectroscopy (CARS) has been demonstrated to measure
the gas temperature of a reacting flow in a solar receiver/reactor to study
gas phase chemical reactions in a high temperature environment, but this
has only been demonstrated in an environment without any soot particles
and was limited to single-point measurements [51]. Thermometry with laser-
induced fluorescence (LIF), such as two-line atomic fluorescence (TLAF),
has shown potential for such measurements because its signal is collected at
a wavelength shifted away from that of excitation [39, 40, 43, 44, 48, 52].
Moreover, the signal from seeded metallic species (usually indium) is much
stronger than that from naturally occurring species such as OH and NO and
is present in broader regions of a flame [25]. However, the potential of TLAF
to perform temperature measurements in sooting flames under strong exter-
nal irradiation has yet to be assessed. It is for this reason that the present
work aims to develop a line-wise configuration of NTLAF under strong in-
terference from high-flux irradiation in a highly sooting laminar flame and to
assess the precision and accuracy of the resulting temperature measurements.
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Minor amendments to published paper:

The following sentence has been revised from: ’Nanoparticles possess
many desirable characteristics over macro-particles for direct seeding,
including: lowered melting point [17], increased absorption cross-section
[18], increased reactivity as a result of high specific surface area [19, 20] and
high purity.” to 'Nanoparticles possess many desirable characteristics over
macro-particles for direct seeding, including: lowered melting point [17],
increased reactivity as a result of high specific surface area [19, 20] and high
purity.’
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Severe interference to the fluorescence signal from seeded indium has previously limited the application
of current non-linear excitation regime two-line atomic fluorescence (NTLAF) to low sooting flames. The
present paper reports new details of these interferences, from spatially- and temporally-resolved spectral
measurements in a laminar, non-premixed sooting C;H, flame burning in air. Three types of interference to
the indium LIF signal have been identified: laser-induced fluorescence (LIF) from polycyclic aromatic hydro-
carbons (PAH), elastic laser scattering (ELS) and laser-induced incandescence (LII) from soot particles. This
knowledge was used to propose new methods to suppress interferences and select customized narrow-band
filters for the signal collection, with a narrow bandwidth of ~1.2 nm (full-width at half-maximum, FWHM)
and a high peak transmission of ~95%. The efficacy of the narrow-band filters for interference suppression
in planar NTLAF measurements was assessed by comparing these measurements with those obtained with
a set of conventional band-pass filters (FWHM = 10 nm), in both a soot-free flame and a sooting flame. The
application of the narrow-band filters was found to increase both the accuracy and the precision of the tem-
perature measurement, so that measurement accuracy that is due to the presence of interferences has been
improved from 198 K to 10 K at a location where the soot volume fraction (f,) is 1.2 ppm. An average reduc-
tion of 40% in the standard deviation of measured temperature in single-shot measurements has also been
achieved with the use of high transmission filters. With the use of narrow-band filters, NTLAF can be reliably
applied in laboratory target sooting flames with peak soot volume fraction of several ppm.

Crown Copyright © 2015 Published by Elsevier Inc. on behalf of The Combustion Institute. All rights reserved.

1. Introduction

Planar measurements of temperature are highly desired in
combustion research to advance the detailed understanding of com-
bustion processes through the development and validation of com-
putational models. This is because reaction rates typically scale non-
linearly on temperature and in flames with thin reaction zones which
have strong spatial gradients. Instantaneous, planar measurements
are also desirable for the investigation of turbulent flames, which
are prevalent in most practical combustion systems as they provide
better insight than point-wise measurements on the scalar gradients
in the field of view. To meet the requirement for both instantaneous
and planar measurements of temperature in combustion, several
laser-based techniques have been developed. These include Rayleigh
scattering (RS) [1-5], two-dimensional coherent anti-Stokes Raman

* Corresponding author. fax: +61 (0) 8 8313 4367.
E-mail address: zhiwei.sun@adelaide.edu.au (Z. Sun).
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spectroscopy (2D-CARS) [6], two-line laser induced fluorescence
(LIF) using OH [7], two-line fluorescence from atomic indium [8-15]
and multi-line NO [16,17]. All of these techniques generally work
well in soot-free flames or flames with a sufficiently low soot
loading. However, in the more challenging environments of highly
sooting turbulent flames, the application of these laser-based optical
methods is limited by strong interferences including elastic laser
scattering (ELS) due to the presence of soot particles and their pre-
cursors. For example, while filtered Rayleigh scattering (FRS) allows
accurate planar temperature measurements in weakly sooting flames
[1,2], it suffers from reduced signal-to-noise ratio (SNR) in flames
with high soot loadings [5,18]. Similarly, while 2D-CARS is an exciting
technique under development, it is yet to be demonstrated in sooting
flames [6]. In contrast, two-line atomic fluorescence (TLAF) using
seeded atomic indium as a tracer has been demonstrated to provide
instantaneous planar temperature measurements in sooting flames,
taking advantage of its strong atomic LIF signal and its sensitivity to
flame temperatures between 800 K and 2800 K [9,14]. Meanwhile, a
variety of seeding methods have been developed to provide sufficient

0010-2180/Crown Copyright © 2015 Published by Elsevier Inc. on behalf of The Combustion Institute. All rights reserved.
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indium concentration, to achieve good signal to noise ratio without
impacting on the flames [8,19-23]. However, in large-scale turbulent
flames, single-shot TLAF measurement is difficult to implement
when relatively low laser power is used. This is because sufficient
seeding of indium is difficult to achieve in these flames. Therefore,
the non-linear excitation regime TLAF (NTLAF) and saturated TLAF
regime (STLAF) have been developed to overcome the low signal and
hence low signal-to-noise ratio (SNR) [12,13,21]. In addition, the ap-
plication of NTLAF and sTLAF techniques are expected to mitigate the
effects of beam steering on florescence signal compared with the lin-
ear TLAF technique, especially in turbulent reacting flows [24]. This is
because the fluorescence signal acquired in the non-linear/saturation
regime is less sensitive to the change of excitation laser fluence
caused by the beam steering effects compared with the fluorescence
signal acquired in the linear excitation regime. Despite the advantage
that the NTLAF and sTLAF using relatively high laser fluence can
enhance the SNR to enable single-shot measurements and reduce
the measurement uncertainty caused by beam steering effects, high
laser fluence also generates large interferences in flames of high soot
loading, which has limited the applicability of these techniques in
previous investigations [25]. Hence, to improve the accuracy and
precision of the measurements these interferences must be sup-
pressed, which in turn requires more detailed understanding of their
characteristics.

In a TLAF measurement, the two laser wavelengths typically cho-
sen to excite atomic indium to the same upper state are 410.18 nm and
451.13 nm. The corresponding fluorescence at 451.13 nm (Stokes sig-
nal) and at 410.18 nm (anti-Stokes signal) have been previously col-
lected through 10 nm (full width at half maximum, FWHM) band-
pass filters to suppress both the spontaneous emissions from the
flame and the laser scattering from particles. The ratio of these two
signals is then used to determine the flame temperature. The alter-
nate excitation and detection scheme, combined with a time sepa-
ration (for example, ~100 ns) between the two fluorescence tran-
sitions, mitigates strong ELS of excitation beams by the particles in
the measurement volume. In addition to ELS, other species in flames
can also be simultaneously excited by the laser beams, which also
causes interference on the TLAF signals [26-33]. In the linear exci-
tation regime of TLAF measurements, it was found that such spec-
tral interference to TLAF measurement is negligible [9,14,15]. This
is because the electronic transitions of atomic indium are much
stronger than that of other large species in the flame. However,
this strong transition also leads to deviation from the linear excita-
tion regime of atomic indium at relatively low laser fluence, which
reduces the strength of the signal relative to the interferences in
the NTLAF regime, especially in rich hydrocarbon flames such as
ethylene flames with a peak soot volume fraction of a few ppm
[25]. As a result, laser-induced emissions from other species be-
come comparable in intensity with LIF from atomic indium in NTLAF
measurements [25].

Chan et al. assessed the magnitude of interference on the NTLAF
measurements in a set of laminar non-premixed ethylene/air flames
[25]. They recorded radial profiles of emissions with on-resonant
and off-resonant laser excitation (for indium) and compared these
with laser-induced incandescence (LII) signals. Measurements were
performed for both the Stokes and anti-Stokes processes, with
laser line widths of 0.4 cm~! (Stokes) and 0.3 cm~! (anti-Stokes).
Prompt laser-induced emissions were collected using optical filters
with a bandwidth of ~10 nm and a camera gate-width of 50 ns.
The interferences were found to account for more than 50% of the
collected signal in regions where the soot volume fraction f, was
3.4 ppm. These significant interferences can lead to an unacceptable
error in the derived temperature of 200%. Hence, it is impossible to
perform reliable NTLAF measurements in highly sooting flames with
this optical arrangement and new methods are needed to suppress,
or correct for, these significant interferences. However, no details

of the temporal or spectral characteristics of these interferences in
sooting flames are available from which to develop improved optical
methods. For this reason, the first aim of the present investigation is
to provide this new understanding.

Aside from ELS, interference on the NTLAF signals can be expected
to arise from LIF from polycyclic aromatic hydrocarbons (PAH) and LII
signals from soot particles in sooting flames. These interferences are
generated simultaneously with the TLAF signals and exhibit broad-
band spectra, which make them difficult to separate from the signal.
The additional options with which it may be possible to enhance the
suppression of these temporally- and spectrally- overlapped interfer-
ences, or to correct for them, are: (1) to correct the raw image with
a separate image of the interference, acquired by exciting the flame
with the same wavelengths as in the TLAF measurement and simul-
taneously detected at a different wavelength to the indium LIF line,
e.g. using an interference filter centered at 430 nm; (2) to temporally
suppress the interference by using a shorter camera gate width (for
example, 10-30 ns); (3) to employ excitation lasers with narrow line
widths; and (4) to employ narrower band-pass filters.

An image correction scheme based on interference subtraction
was proposed by Chan et al. [25], in which an additional intensified
CCD camera is introduced to record simultaneously the laser-induced
interference at a nearby detection wavelength, here at ~430 nm.
These off-resonance interferences are then subtracted from the on-
resonance signals, which contain both the pure indium LIF signals
and the interferences. However, this correction method was found to
be of little value for single-shot NTLAF applications in turbulent soot-
ing flames [34], because the scatter in the spatial distribution and
intensity between the on- and off-resonance images was too great
to yield acceptable SNR in a turbulent non-premixed flame. This, in
part, is because the interference subtraction method needs to be per-
formed for both Stokes and anti-Stokes signals, thereby introducing
another error associated with additional image acquisition and in-
creasing the error of the derived temperature. Additionally, this cor-
rection scheme is complex because additional lasers and cameras are
required. The potential of temporal separation by means of a shorter
gate width (for example, when comparing 15 ns to 30 ns) for the de-
tector also offers some potential but is estimated to offer less than
a factor of two improvement in signal-to-interference ratio (SIR). A
laser with a line width narrower than ~0.35 cm~! (which is used in
the NTLAF), e.g. a commercial dye laser with a typical line width of
~0.1 cm~1, can also be used to enhance SIR. This is because the same
level of LIF signals of indium can be achieved at a lower total laser
fluence compared to using a laser with a broader line width, hence
with weaker interferences. However, the application of lasers with
such a narrow line width also suffers from reduced spectral overlap
between the laser line width and the indium absorption lines, which
has a FWHM of ~0.95 cm~! for the Stokes process and 0.6 cm™!
for anti-Stokes at atmospheric pressure. Therefore, the LIF signal of
indium also drops under these circumstances. This issue becomes
worse in pressurized flames [35]. Alternatively, the utilization of fil-
ters with a bandwidth narrower than the conventional 10 nm, po-
tentially offers a simple and suitable method for interference sup-
pression. This is because the LIF from atomic indium has a narrow
line width of ~0.02 nm [35], while the interferences are spectrally
broadband. For this reason, a set of customized filters with FWHM of
~1.2 nm was chosen and manufactured to improve the precision and
accuracy of the NTLAF technique in sooting flames via interference
suppression.

For the reasons described, the aims of the present paper are
threefold. The first aim is to assess the aforementioned sources of
interferences to both the Stokes and anti-Stokes fluorescence signals
through the examination of temporally- and spatially-resolved laser-
induced emission spectra in a laminar ethylene non-premixed flame
burning in air with a high soot loading. The second aim is to assess
the efficacy of two alternative types of band-pass filters (broad- and
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narrow-band) with bandwidths of 10 nm and 1.2 nm for interference
suppression and for reducing the measurement error to the resulting
temperature measurement. The third aim, which is the main aim
of this paper, is to verify the efficacy of the narrow-band filters by
comparing the resulting uncertainty in planar measurements of
temperature with that obtained with conventional filters, both in an
interference-free flame and a sooting flame with a peak soot volume
fraction of ~1.2 ppm. The objective for the present work is to broaden
the range of applicability of the NTLAF technique.

2. Experimental details
2.1. Burner and flames

A Santoro-type burner was used in this study [36,37]. The burner
consists of two concentric brass tubes of 11 mm and 98 mm inner
diameter. Gaseous fuel was injected through the central tube while
air was passed through the annular co-flow passage. The central fuel
tube extends 4 mm above the surface of the annular air co-flow tube.
Both the central flow and annular co-flow were conditioned through
a series of wire meshes and glass beads with a diameter of 4.8 mm at
the bottom of the burner. Stainless steel honeycomb was encased as
the final stage to straighten the flows. The vertically oriented burner
was mounted on a translation device to allow vertical movements.
The burner was positioned ~1.5 m beneath an exhaust hood. All mea-
surements were performed at atmospheric pressure.

Both the spectral assessments of the sources of interference and
the evaluation of the efficacy of narrow-band filters to suppress them
were performed in a laminar non-premixed ethylene flame burning
in air. The flow rate of ethylene through the central tube was kept at
0.175 standard liters per minute (L/min) and the flow rate of the co-
flow air was 136.1 L/min, resulting in a flame length of 64 mm and a
co-flow velocity of 0.3 m/s. This flame was chosen for its stable and
well-defined structure, together with its high concentration of soot
[38,39].

Verifications of planar NTLAF measurements in sooting flames
were performed in a partially premixed ethylene/air sooting flame.
The flow in the central tube was a mixture of ethylene (98.0% purity)
(0.65 L/min) and air (1.28 L/min), resulting an equivalence ratio
(@) of 7.2. This less sooting premixed flame was chosen over the
non-premixed Santoro-type flame because it reduces out-of-plane
fluorescence from atomic indium generated by secondary, scattered,
excitation from soot up-beam in the flame that becomes notable
at sufficiently high soot volume fractions. This additional issue is
beyond the scope of the present paper. Noteworthy, the soot volume
fraction under these operating conditions exceed most measured
values in turbulent flames which is the main target of the planar
NTLAF technique [40].

A soot-free premixed ethylene/air flame was employed to obtain
the calibration constants for the NTLAF measurements and also to
assess the fidelity of the narrow-band filters in the NTLAF measure-
ments in non-sooting flames. The chosen flame relied on previous
studies that showed that the calibration constants are insensitive to
fuel composition and flame conditions [12,13]. In this non-sooting
flame, the flow rate of the ethylene was 0.53 L/min, the blended air
was kept at 3.91 L/min and the co-flow air stream was maintained at
136.1 L/min.

The independent measurements of flame temperature, required
for calibration, were performed using an R-type Pt/Pt-Rh 13% ther-
mocouple with a bead diameter of 75 wm (Omega, P13R-003). The
measurement was performed in the central region of the flame where
the temperature is uniform. A correction of 61 K was added to the
raw measurement to correct for radiation heat loss from the ther-
mocouple. Furthermore, temperatures measured in the present work
were also compared with those calculated using the ChemKin soft-
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Fig. 1. Schematic diagrams of the experimental setup for (a) NTLAF measurements;
(b) spectral assessment measurements and (c) LIl measurements. SL, spherical lens;
BD, laser beam dump; F, band-pass filter.

ware package, in which the model of OPPDIF and the GRI-Mech 3.0
mechanism were employed [41].

2.2. Indium seeding

The flames were seeded with indium nanoparticles produced
using a laser ablation technique. The indium nanoparticles were pro-
duced using an in-house built device described previously [19,20,22].
A 10 Hz (8 ns pulse width) 532 nm beam from an Nd:YAG laser
(Quantel, Brilliant B) was focused onto an indium rod. The ablation
laser energy of ~0.1 J/pulse was chosen to yield sufficient LIF signal
under the current flame conditions. The indium rod was rotated and
translated in a sealed ablation chamber to provide a fresh surface
for each ablation pulse. The ablation chamber was kept at approx-
imately atmospheric pressure. The mass flow rate of the ablated
particles seeded into the flame was estimated to be 160 ug/min,
which corresponds to a gas-phase mole fraction in the fuel stream
of approximately one part per million (assuming all indium ablation
products convert to the gas phase). The seeded indium nanoparticles
undergo thermal decomposition in the flame at positions close to the
burner surface to yield neutral indium atoms. The thermal energy
required to vaporize the entire mass flow rate of the indium ablation
products in the flame was found to be negligible compared with the
heat release from the flame.

2.3. Optical setup

Figure 1a presents the schematic diagram of the experimen-
tal setup for the NTLAF measurements. Two Nd:YAG pumped dye
lasers are used to provide the excitation beams with wavelengths
at 410.18 nm (the Stokes beam, 5’P;, — 625, transition) and
451.13 nm (the anti-Stokes beam, 52P;, — 625y, transition). The
corresponding fluorescence signals are collected at approximately
450 nm (for the Stokes fluorescence, 6251/2 — 5253/2 transition) and
410 nm (for the anti-Stokes fluorescence, 625, p = 525, |2 transi-
tion), respectively [42]. Laser energy of 2.8 mJ/pulse and 1.6 m]/pulse,
were recorded for the Stokes and anti-Stokes beams, respectively,
which are in the non-linear excitation regime. A temporal separa-
tion of ~100 ns between the two excitation lasers was adopted to
avoid strong ELS from the alternate excitation lasers. The two laser
beams are combined using a dichroic mirror (Thorlabs, DMLP425)
and then passed through a telescope to expand into a collimated
sheet of ~0.5 mm thickness. After the telescope, a small portion of
the laser sheets was reflected by a thin glass window into a glass tank.
The glass tank was located at the same distance from the telescope as
the focusing point of the laser beam. The glass tank was filled with
distilled water with suspended titanium oxides particles of diameter
~300 nm. The Mie scattering from titanium oxide nanoparticles was
simultaneously recorded with a CCD camera (MegaPlus, ES 4020) and
used for the reference laser power to derive temperature.
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2.4. Detection systems

In the spectral assessment of interferences, a spectrometer (An-
dor Shamrock, SR-500i) combined with an intensified CCD (ICCD)
camera (AndoriStar, DH734-18H-13) was used to record the laser-
induced emissions from the laminar non-premixed ethylene sooting
flame burning in air, as shown in Fig. 1b. The interference assessment
was performed to the Stokes and the anti-Stokes processes. The ra-
dial profile of the flame was imaged onto the entrance slit using an
f=250 mm lens. The emissions were recorded without any optical fil-
ter. Both the prompt emission (relative to the start of the laser pulse)
and that with a delay of 50 ns were recorded, with the aim to iso-
late the LII signals. The gate width of the camera was kept constant
at 30 ns for all measurements, which is typical of previous NTLAF
measurements. Spectra were accumulated from 100 instantaneous
spectral images. Subtraction of dark charge was performed for each
accumulated spectral image.

Two customized narrow band-pass filters (Alluxa) were
employed for interference suppression, centered at 451.4 nm
(FHMW = 1.32 nm) and 410.4 nm (FHMW = 1.08 nm). Both filters
have a peak transmission of 95%, which provides an indium LIF
signal collection efficiency nearly two times higher than that of the
conventional 10 nm band-pass filters (Andover), whose peak trans-
missions are ~50%. The narrow-band filters are expected to increase
the SIR around 7 - 9 times due to the narrower transmission band
(10 nm/1.2 nm = 8.3). The doubled transmission also increases the
ratio between LIF signals and the camera noise, which is particularly
beneficial in instantaneous measurements. Moreover, the narrow
band-pass filters have a specified high optical density (OD) of ~6.0 at
the excitation laser wavelengths to further suppress laser ELS signals
from the soot particles. This high OD is also necessary in NTLAF
measurements because it had been found that a conventional filter
with OD ~4.0 at laser wavelengths cannot suppress the ELS signals
to an acceptable level in spectral assessments of interference source.

The effectiveness of the narrow band-pass filters in the enhance-
ment of SIR in the laminar non-premixed ethylene sooting flame
burning in air was assessed by recording separate sets of images, in-
cluding total laser-induced emission (indium LIF and interferences),
total interference and laser-induced emissions at 430 + 5 nm. Each
type of filter was used in front of one of the four-ICCD-camera bundle
system (HFSC Pro, PCO), each with its independent control. The dif-
ferences in collection efficiencies between the four cameras were cor-
rected for. Spectral assessments with high spectral resolution around
the indium LIF line at ~450 nm were also performed for the two sets
of filter (broad- and narrow-band). Prompt signal from laser-induced
emissions were recorded using the same setup in the aforementioned
spectral assessment. These two assessments were only performed
for the Stokes process, for which the transmission band of the filter
(1.32 nm) is a little larger than that used for the anti-Stokes process
(1.08 nm). Images were averaged from 400 instantaneous images.

The effectiveness of the narrow band-pass filters in measuring
temperature was assessed both in non-sooting and sooting flames,
using two oppositely positioned ICCD cameras to collect the Stokes
and anti-Stokes signals (one camera in the HSFC Pro system and a PI-
MAX Il camera), which were each mounted with Nikon lenses (f/1.4).
The narrow band-pass filters and the conventional band-pass filters
(Andover, FWHM ~ 10 nm) were each mounted in front of the cam-
eras, separately; then the measured temperatures were compared.
The camera gate width was kept constant at 30 ns.

A potential drawback of using narrow-band filters in NTLAF mea-
surements are they are limited to images with small angle of views
(AOV) without applying any corrections. In this study, since a rela-
tively large AOV has been used, a correction scheme has therefore
been applied to the raw LIF images to correct for the variation in
transmission efficiency at different angle of view of the filter. This
is necessary because the blue-shift of the transmission for the band-

pass filters that occurs at relatively large AOV for the narrow-band
filters, while the 10 nm band-pass filter it is not affected by this issue
because the blue-shift is significantly smaller than the bandwidth of
the filter. In this study, the employed correction scheme firstly cal-
culates the light transmission efficiency of the light source through
the narrow-band filters and then applies the calculated planar cor-
rection image to the raw LIF images. It should be noted that based
on the measured transmission curves of the narrow-band filters pro-
vided by the manufacturer and assuming an effective refractive index
of the filter of 1.8, the maximum angle of incidence has been esti-
mated to be 5.8° for the Stokes filter and 5.1° for the anti-Stokes fil-
ter, respectively. With a collection angle smaller than the maximum
angle of incidence of the filters, uniform collection efficiency can be
achieved in the field of view.

2.5. LIl measurements

Soot volume fraction in the laminar sooting flames was measured
with the LII technique. Figure 1c presents the schematic diagram of
the experimental arrangement for the LIl measurements. The flame
was excited with an Nd:YAG pumped dye laser at 410.18 nm. The LII
laser sheet has a height of 20 mm and a sheet thickness of 0.3 mm.
The laser fluence of the excitation laser sheet was kept at ~0.2 J/cm?
to ensure that the LIl signal is independent of the excitation laser flu-
ence variation [43]. The planar LII signal was collected using an ICCD
camera fitter with a 430 + 5 nm interference filter, with a time delay
of 50 ns to temporally separate the LII signal from interferences from
scattered laser light and fluorescence of species such as PAH [44]. The
LII signal was calibrated by performing laser beam extinction mea-
surements in the Santoro-type flame, with a continuous wave laser
at 1064 nm for the extinction measurement. The extinction measure-
ments were performed at various heights in the steady calibration
flame to reduce the influence of primary particle evolution in the
flame on calibration. The details of the experimental arrangement for
the extinction measurement and the LIl measurements can be found
in our previous work [36].

3. Results and discussion
3.1. Interference sources

Figure 2a presents the prompt spectrographic image recorded for
the Stokes processes. The excitation laser wavelength was 410.18 nm.
The measurements were performed at a height above burner
(HAB) = 22 mm in the Santoro-type sooting flame, where the peak
soot volume fraction was measured by LII to be ~5.0 ppm. Laser scat-
tering is strong and can even be found at ~425 nm from the two soot
layers at the radial position of r = =3 mm. The LIF signal from atomic
indium appears at 451 nm in the spectra and is distributed from
r =0 mm (i.e., in the fuel-rich region) to r = +8 mm (i.e., in the oxi-
dation region). In the region 0 < r < 5 mm, broadband interferences
were found with varied intensity, which is attributed both to the flu-
orescence from PAHs and to the LII from soot particles [28,29,33]. To
distinguish the two interferences in space, a time-delayed spectro-
graphic image was also recorded 50 ns after the laser pulse, as shown
in Fig. 2b. This captures only the interference generated by the LII
emission because the lifetime of the LIl emission is of the order of
100 ns while that of the fluorescence from PAH is only around 10 ns
[28,45,46]. Consistent with this expectation, the time-delayed image
is devoid of any emission in the central region of the flame.

Figure 2c and d present the emission spectrum of the flame
after the Stokes laser excitation (i.e. the cross sections through the
previous at r = 0 and 3 mm, respectively, for both Fig. 2a and b).
These spectra were collected at two different radial locations at
HAB = 22 mm, centered at r = 0 mm and r = 3 mm, each over a radial
distance of ~0.38 mm. At r = 0 mm, the signal from the indium peak
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during prompt collection (Fig. 2c) is 7 times higher than the sur-
rounding emission, while at r = 3 mm it is only about 2.2 times higher
(Fig. 2d), for the current spectral resolution of ~1.8 nm and indium
seeding load. This confirms that it is necessary to suppress/correct
the interference when NTLAF is applied to sooting regions with soot
volume fraction of a few ppm, which is typical for non-premixed
sooting flames at atmospheric pressure. It can also be seen that in
both Fig. 2c and 2d, the effect of delaying the time of collection has
little influence on the shape of the emission (in the region either
side of the indium peak), relative to the prompt case. The intensity is
also lower from the delayed signal, as expected. This suggests that LII
emission is the dominant contributor to the interferences within the
wings of the flame where soot is significant (Fig. 2d), while PAH-LIF
is dominant on the flame axis (Fig. 2c). This is consistent with
knowledge that the PAH density is highest in the low-temperature,
fuel-rich side of the reaction zone [47] while soot is dominant in the
higher-temperature fuel-rich region. This finding that different types
of interference are dominant in different regions of the reaction zone
makes it problematic to use the method of intensity subtraction to
correct for interferences especially in turbulent flames [25]. This is
because different types of interference possess difference spectral
characteristics, making intensity subtraction less reliable. Moreover,
each intensity subtraction correction doubles the error associated

with the imaging acquisition because two more images are required
for the correction and therefore introduces additional uncertainty
to the temperature measurements. It has been noted that a weak
peak appears at ~516 nm in the prompt spectrum in Fig. 2d, which is
deduced to arise from laser-induced sublimation of C, species [32].
Figure 3 presents the equivalent spectral assessment of interfer-
ence to the anti-Stokes process, for which the laser wavelength was
451 nm. Spectrographic images presented in Fig. 3a and 3b are com-
bined from two spectral assessments around 451 nm, which were
recorded using the same grating as used in Fig. 2. The obvious dif-
ference is the presence of the dominant emission from Mie scattering
(here at 451 nm) in Fig. 3, which is not visible in Fig. 2 (at 410 nm),
due to the difference in the spectral range (150 nm for Fig. 2 and
360 nm for Fig. 3). In addition, the NTLAF signal is weaker relative to
the background interference, consistent with the weaker signal from
the anti-Stokes excitation than from the Stokes excitation. The anti-
Stokes emission can be seen to comprise both LIl and LIF of PAH com-
ponents, which is consistent with the results shown in Fig. 2. How-
ever, the intensities of the peak relative to the shoulder is about 40%
lower at r = 0 mm and is the same at r = 3 mm relative to the Stokes
cases. This is because the flame temperature is lower in the central re-
gion compared with the soot region and therefore the ratio between
anti-Stokes and Stokes signals (which is proportional to the flame
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temperature) is lower in the central region than in the soot region.
As with the Stokes case, the LIl emission dominates the interference
source in the sooting layer, while the PAH-LIF dominates in the cen-
tral region.

3.2. Interference suppression using the narrow band-pass filter

The efficacy of the narrow band-pass filter for signal collection
was assessed by comparing the high resolution spectra from Stokes
excitation in the Santoro-type sooting flame. The spectra were de-
tected through the broad-band and narrow-band filters at a high
spectral resolution of ~0.1 nm, together with the reference case with-
out a filter (Fig. 4). The spectral measurements were performed at
two different radial locations at HAB = 22 mm, at r = 0 mm (Fig.
4a) and r = 3 mm (Fig. 4b) in the Santoro-type sooting flame. It can
be the peak to shoulder intensity ratio is about one and a half and
two orders of magnitude higher at r = 0 mm and r = 3 mm when
comparing results between narrow- and broad-band filters, respec-
tively. Therefore, the narrow-band-pass filter suppresses interference
much more effectively than the broad-band filter to achieve a peak to
shoulder intensity ratio that is one and a half orders of magnitude
higher both because of the narrower bandwidth (at ~1.32 nm) and
the higher transmission (at ~95%) at 450 nm.

The efficacy of the narrow-band filter was then tested by per-
forming planar measurements at different heights within the lami-
nar non-premixed ethylene flame burning in air. The excitation wave-
length was tuned to be the resonant absorption line of indium at
410.18 nm and the emissions were collected with the HSPC pro cam-
era system. Figures 5a and 4b present pure interference emissions,
including both LIF of PAH and LII, as recorded with the broad- and
narrow- band filters, respectively, at ~451 nm. The flame was without
any indium seeding. It can be seen that the narrow-band filter sup-
presses the interference emissions more effectively than the broad-
band filter by a factor of ~4 at all locations in the flame. To isolate the
spatial locations of LIl emission, one case was recorded with the cam-
era time-delayed by 50 ns using the filter at 430 & 5 nm, as shown in
Fig. 5c. This shows that the interference from LIF of PAH occurs mostly
in the lower, central region of the flame and that interference from LII
occurs mostly in the outer and downstream regions of the flame, con-
sistent with understanding about their relative spatial locations and
the findings from Figs. 2 and 3.

Figure 5d to 5f present prompt laser-induced emissions includ-
ing both interference and indium LIF signal collected with broad- and
narrow-band filters and at 430 + 5 nm, where indium is seeded into
the flame. The asymmetry of the indium LIF signal shown in Fig. 5d
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Fig. 5. Laser-induced emissions as collected with the different combinations of band-pass filters, delay times and seeding shown in the key. These image collages are assembled
from the average of 400 instantaneous measurements at multiple heights. The gate width was kept constant at 30 ns and the excitation was at 410.18 nm for all cases.

and 5e is due to asymmetry in the seeding distribution in the flame
rather than to laser attenuation, because the propagation direction
of the laser beam was from left to right. This was also checked by
rotating the burner. Significant differences between signals collected
through the broad- and narrow-band filters are evident. Firstly, the
signal intensity is typically higher everywhere for the narrow-band
filter (Fig. 5e) than for the broad-band filter (Fig. 5d), consistent with
the higher transmission noted previously. Secondly, the structure is
more pronounced with the broad-band filter (Fig. 5d) than for the
narrow-band filter (Fig. 5e), i.e. the intensity is more uniform in the
latter image. This is because the interference from the LII, which has
a distinct two-layer structure at the outer edge of the flame for most
of flame heights (Fig. 5¢) caused by the presence of soot, penetrates
more strongly through the broad-band filter than the narrow-band
filter to augment the structure in the final image. This provides fur-
ther evidence of the efficacy of the narrow-band filter in suppressing
interference, especially in regions where interference from LII in the
maximum range typically encountered in laboratory flames, where it
is measured to be ~10 ppm [37,48,49].

Figure 6 presents the radial profiles obtained from the data cor-
responding to the cases shown in Fig. 5d and 5e, for the four axial
locations HAB = 17, 27, 37 and 47 mm. These figures present the to-
tal emission for each of the two filters, the total interference emis-

sions from Fig. 5a and 5b and the resulting corrected NTLAF signal,
which is derived by subtracting the interference emission from the
total emission (Figs. 5d and 5e). This quantifies the extent to which
the narrow-band filter increases the SIR relative to the broad-band
filter, which varies throughout the flame. Indeed at some locations,
notably on the centerline at HAB = 47 mm (Fig. 6a), the interference
is greater than the signal for the broad-band filter, but much less for
the narrow-band filter. Indeed, the SIR is found from these profiles to
increase by an average factor of about ~6.

Figure 7a presents the radial distributions at HAB = 27 mm of the
same emissions shown in Fig. 6, together with the corresponding SIR
(Fig. 7b) and the corresponding soot volume fraction (Fig. 7c). The ra-
dial distributions of total interference and indium LIF signal (Stokes)
shown in Fig. 7a for both broad- and narrow-band filters, are the
same as those in Fig. 6¢. Fig. 7b depicts the corresponding profiles
of SIR and the ratio between SIR of narrow- and broadband filters.
This shows that, at the outer edges of the flame (r > 6.5 mm), the SIR
for the broad-band filter is less than 3, while it is 20 for the narrow-
band filter, even though the magnitude of the indium LIF signal is low
there. Significantly, the SIR for the narrow-band filter in this region is
similar to the best SIR obtained with the broad-band filter. Impor-
tantly too, the radial location at r = 8 mm is well outside the edge
of the flame, so that the high SIR is maintained beyond r = 6 mm for



488 D. Gu et al./ Combustion and Flame 167 (2016) 481-493

| I interferences —— LIF + interferences - - - LIF
Broadband Narrowband
100_"aHI""I""I'"':""I""I""I""_
3 ] HAB =17 mm -
L ; ]
501~ s ]
- - J == -—— _
- - - 1 -
L D N
100 p 1 ]
- HAB =27 mm -
50 .
= [ ]
> 0
g 100 _' 'c' ryrrrryrTrrTrTTTT | LA UL B B '_
= I HAB =37 mm |
50 ]
R ]
L D R
100 O d | 7]
r ! HAB =47 mm 1
L ; ]
50 -
0,

8 6 4 2 0 2 4 6 8
Radial distance (mm)

Fig. 6. Radial profiles of the total laser-induced emission from the Stokes process, the
total interference emission (from LIF of PAH and LII) and the deduced pure indium
LIF signal (derived from subtraction of the interferences from the total), as collected
through the narrowband and broadband filters, at (a) HAB = 17 mm, (b) HAB = 27 mm,
(c) HAB = 37 mm and (d) HAB = 47 mm.

the narrow-band filter, in contrast to the broad-band filter, where the
SIR is ~2. This is a very significant finding, because it shows that the
narrow-band filter extends the range for which measurements can be
obtained into the oxidizing side of the reaction zone, which was de-
duced not to be possible previously because indium is known to be
oxidized through the reaction zone and its low concentration on the
fuel-lean side [13,14,22]. The SIR can be seen to increase further as r
is moving toward the reaction zone. The magnitude of SIR peaks at
r ~ 5 mm, with values of ~110 (with narrow-band filter) and of ~20
(with broad-band filter), at a location where the signal is high and
the soot volume fraction is relatively low (Fig. 7c), so that the inter-
ference from LII is also low. This zone of high SIR extends through-
out the region of 3 < r < 5 mm. The lowest value of SIR is located
at r ~ 2.8 mm, which corresponds to the position of maximum soot
loading as shown in Fig. 7c. This provides further evidence that the
dominant source of interference is LIl from soot. In the central zone
of the flame, r < 1.5 mm, the SIR increases to values of a low SIR ratio
of ~3 (broad-band) and ~15 (narrow-band). This confirms that the
interference from PAH-LIF is less significant than that from LII in this
region.
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Fig. 8. Temperature maps in an interference-free premixed ethylene/air flame, ac-
quired using broad- and narrow-band filters of (a) an instantaneous temperature mea-
surement, and (b) an averaged temperature profile from 50 instantaneous temperature
measurements.

3.3. Temperature measurements in the non-sooting flame

Figure 8 presents the planar temperature measurements of flame
temperature in the non-sooting flame for the two sets of band-pass
filters. A typical instantaneous image is shown in Fig. 8a, while the
averaged temperature around HAB = 41 mm is shown in Fig. 8b,
each for half of the flame. The averaged temperature image was de-
rived from 50 instantaneous temperature images. Interference is neg-
ligible in this non-sooting flame, so that the noise is attributable
to the ICCD cameras. It can be seen that the instantaneous and the
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averaged images obtained with the two sets of filter are generally to within 30 K, although the scatter in the instantaneous data for
in good agreement in non-sooting flames. Notably, the maximum narrow-band filter (Fig. 9a) is about 4+ 80 K, which is close to half
flame temperature is ~134 K lower than the adiabatic temperature that with the broad-band filter. Comparison between NTLAF and ther-

of 2100 K calculated with the ChemKin. mocouple temperature measurements reveals good agreement in the

Figure 9 presents radial profiles for the instantaneous and aver- region r < 6.5 mm. However, discrepancy starts to appear toward the
aged temperature images, shown in Fig. 8, integrated at axial loca- reaction zone and reaches ~50 K at r = 7 mm. At the outer radial lo-
tion HAB = 41 4+ 0.5 mm. As noted earlier, for all radial locations, cations r > 7 mm, the NTLAF results and thermocouple temperature

the two temperature measurements using the two sets of filter agree measurements agree within 30 K. This indicates the NTLAF technique
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Fig. 11. Temperature maps in a partially premixed ethylene/air sooting flame as ac-
quired using the broad- and narrow-band filters of (a) an instantaneous temperature
measurement, and (b) an averaged temperature profile from 50 instantaneous temper-
ature measurements.

in soot-free flames can reliably be applied for temperature measure-
ments, with the use of both broad- and narrow-band filters.

Figure 10 presents histograms of temperatures around
HAB = 41 mm and at r = 0 mm and r = 7.5 mm, shown in Fig.
8a. Data presented are acquired from 250 instantaneous temperature
measurements using the two sets of band pass filters. The data were
then extracted from four neighboring regions in which temperature
is homogeneous, each of 0.25 x 0.25 mm?2 to provide a statistical
interpretation based on 1000 instantaneous measurements. It can
be seen that both measured data sets yield a mean temperature of
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1876 K, with standard deviations of 86 K and 93 K, for the broad- and
narrow-band filters, respectively. At r = 7.5 mm, the measured mean
temperatures are 1965 K and 1950 K, with standard deviations of
102 K and 108 K, respectively. The consistency in the measurement
precision in this interference-free flame leads to the conclusion that
the customized narrow band filter is reliable.

3.4. Temperature measurements in the sooting flame

Figure 11 presents the temperature images from the partially
premixed ethylene/air sooting flame. The averaged temperature im-
ages, as shown in Fig. 11b, were averaged from 50 instantaneous
temperature images. Significant difference appears in the region of
5mm < r <9 mm, i.e., the soot layer zone, while in the central zone,
the temperature measured using the 10 nm filters is slightly higher
than that measured using the narrow band filter.

To assess the reason for the difference between the mea-
sured temperatures, the emissions for non-resonant laser excitations
were also collected. Figures 12a and 11c present radial profiles of
laser induced emissions with on- and off-resonant excitations at
HAB = 41 mm for the Stokes and the anti-Stokes processes, respec-
tively. All signals are averaged over 50 single-shot measurements.
Significant interference is observed in the signals collected using the
broadband filters. In contrast, the interference is relatively weak and
even negligible when the narrow band filters were used. Figure 12b
and 12d present the SIR for the Stokes and anti-Stokes processes, de-
rived from Fig. 12a and 12c. In both processes, the SIR has been in-
creased by a factor of 7-9 times across the radial profile of the flame
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Fig. 12. Radial profiles of the partially-premixed ethylene/air flame at HAB = 41 mm of total interference emissions (including LIF of PAH and LII) acquired through off-resonant
excitations, laser-induced emissions (signal plus interferences) acquired through on-resonant excitations and signal to interference ratio, acquired using broad- and narrow-band

filter. (a, b) are Stokes processes and (c, d) are anti-Stokes processes.
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Fig. 13. (a) Radial temperature profiles acquired using broad- and narrow-band fil-
ters and thermocouple, respectively. Thermocouple measurements were performed by
traversing the bead through the flame in two directions (TC 1 and TC 2). NTLAF temper-
ature profiles displayed are calculated from both including the interference emissions
and with the correction for interference emissions. (b) Difference in radial temperature
profile when compared with temperature acquired using narrow-band filters with in-
terference correction. (c) Radial profile of soot volume fraction.

when narrow-band filters are used for signal collection, which is con-
sistent with a theoretical estimation.

Figure 13a presents radial profiles of the averaged temperatures
calculated based on signals shown in Fig. 12a and 12c. The temper-
ature profiles were calculated with and without interference sub-
tractions. Figure 13a shows clear differences between the two sets
of measured temperature using different band pass filters. The ra-
dial temperature profile derived from using narrow-band filters with
interference correction was used as a reference and the difference
between this profile and other temperature profiles were plotted,
as shown in Fig. 13b. At radial positions, 0 mm < r < 2 mm and
5.5 mm < r < 7 mm, the measured temperatures using the narrow-
band filter are about ~30 K and 150 K lower than those measured us-
ing the broad-band filters, and at 7 mm < r < 10 mm, temperature

measured by the narrow-band filters are 50 K higher than those
measured using the broad-band filters, even though they show the
same trend as a function of radial distance r. The maximum differ-
ences of temperature between two sets of measurement is ~160 K
at r = 6.5 mm, which is the oxidation shoulder of the soot layer, as
shown in Fig. 13c. It should be noted that, even though the measured
temperatures are consistent with each other within 200 K, this con-
sistency is based on the fact that large uncertainties exist in the re-
sults measured using the broadband filters due to residual interfer-
ences. Notably, the maximum flame temperatures of 1880 K (narrow-
band) and 2080 K (broad-band) are ~352 K and 272 K below the adi-
abatic temperature of 2232 K, respectively, as predicted from the cal-
culation using the ChemKin software package. The difference is due
to that the radiative heat transfer from the soot and the enthalpy con-
tained in the soot particles are not included in the model.

Figure 13 also present results from thermocouple temperature
measurements. The two results converge for 0 mm < r < 3 mm and
8 mm < r < 9 mm, as shown in Fig. 13a. However, the thermocou-
ple measurement can be biased due to the deposition of soot par-
ticles on the bead. To examine the effect of soot deposition on the
thermocouple, the measurements were performed by traversing the
bead through the flame in two reversed directions, as represented
by crosses and hollow black circles in Fig. 13a. The results presented
in Fig. 13a shows that discrepancies between the two direction mea-
surements occur at the soot layer locations (4 mm < r < 7 mm) and a
maximum difference of ~300 K occurs at r ~ 5.5 mm. The NTLAF re-
sults agree well with the thermocouple measurements in the regions
of r < 3 mm. However, results from NTLAF and thermocouple across
the soot layer differ dramatically, reaching a maximum of ~200 K at
r= 5.5 mm. This implies that thermocouples are not reliable for ther-
mometry in the sooting flames.

Figure 13b presents the differences in measured radial tempera-
ture between the results acquired using broad- and narrow-band fil-
ter, thermocouple and results from narrow-band filters with interfer-
ences subtractions (shown in Fig. 13a). While the uncertainties in the
measurements with narrow-band filters are constantly low and vary
within 10 K along the radial direction, for measurements using the
broad-band filters these values vary from 90 K in the central region
to 198 K in the high soot loading region of 5 mm < r < 7 mm. No-
tably, at the peak soot loading position, r = 5.5 mm, the uncertainty of
the interference-corrected broad-band measurement is 131 K, about
67 K lower than the results acquired from broad-band filter without
interference correction. The discrepancy between the thermocouple
measurements and the narrow-band filter without interference re-
sults also follow the same trend. The difference is small for r < 3 mm
and reaches a maximum of ~200 K at r = 6 mm. It should be noted
that the uncertainty in temperature measurement due to the pres-
ence of interference scales with the uncertainty in the ratio of the
two LIF signals and it is lower than summing the uncertainty of each
individual processes. This is because the sources of interference are
identical for both the Stokes and anti-Stokes signals, so that they are
correlated, and because interference can only cause an increase in the
measured signal to the actual indium LIF signals.

Figure 14 presents histograms of temperatures over an area of
0.25 x 0.25 mm? at a flame position of HAB of 41 mm, at r = 0 mm,
5.5 mm and 6.5 mm, in the partially premixed ethylene/air sooting
flame (Fig. 11). Data presented are averaged from 300 instantaneous
measurements using the two sets of band pass filters, respectively.
The mean values of the measured temperatures, as well as the sig-
nificant difference between the two sets of measurements, are con-
sistent with those shown in Fig. 13. Besides this, the statistics of the
measured temperature results are different, in particular for the re-
sults measured in the central zone as shown in Figs. 14a and 14d. At
r = 0 mm, where interfering signals are mainly from LIF of PAH (see
Fig. 12a and 12c), the standard deviation of the results from measure-
ments with broadband filters (Fig. 14a) is 178 K, which is much larger
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than that measured with the narrow-band pass filters, i.e., 58 K, as
shown in Fig. 14b. At r = 5.5 mm, i.e., in the region of the soot layer,
the standard deviations are 116 K and 87 K, respectively. Similar trend
can also be found at r = 6.5 mm, the standard deviation are 110 K
and 80 K for broad- and narrow-band filters where the differences of
temperature between two sets of measurement is maximum of 87 K.
These results also indicate that by using of high transmission filters
in the NTLAF measurements, higher precision, corresponding to a re-
duction in the standard deviations of measured temperature of 67%,
25% and 27% (average reduction is ~40%) at r = 0 mm, and 5.5 mm
and 6.5 mm, respectively, can be obtained.

Figure 14 shows that the temperature span, measured using both
the band-pass filters, differs at each radial location and is narrower
for the narrow-band filter especially at the region of high interfer-
ence. For the centerline (r = 0 mm) the temperature spans the range
1000-1720 K when using the broad-band filter while this range is
reduced to between 1360 K and 1640 K when a narrow-band filter
is used. Similarly, at r = 5.5 mm, where the soot volume fraction
peaks, the temperature distribution using narrow-band filters ranges
from 1610 K to 2070 K, while the temperature distribution spans from
1540 K to 2130 K using the broad-band filters. The same trend holds
for r = 6.5 mm, where the measured temperature spans from 1650 K
to 2350 K for broad-band filters and from 1670 K to 2110 K for the
narrow-band filters. The corresponding differences in the mean tem-
peratures acquired using broad- and narrow-band filters are found to
be 34 K (r = 0 mm), 13 K (r = 5.5 mm) and 87 K (r = 6.5 mm). This
indicates that when broad-band filters are used in sooting flames, an
overestimation of the temperature is likely.

4. Conclusions

Three types of interferences on the NTLAF fluorescence have
been identified when this thermometry technique is applied to soot-
ing flames. The identified interferences are: laser-induced fluores-
cence by PAH species, laser Mie scattering and laser-induced incan-
descence from soot particles. The LIF of PAH and LII interferences

are both broadband, and spatially, spectrally and temporally over-
lapped with the fluorescence signals for both the Stokes and anti-
Stokes processes. It has been found that conventional band-pass fil-
ters (FWHM = 10 nm) cannot efficiently suppress these interfer-
ences in highly sooting flames to provide high fidelity temperature
measurements. Therefore, a set of custom-made narrow-band filters
(FWHM = 1.2 nm) has been developed and experimentally verified
for interference suppression. The experimental results show that the
signal to interference ratio can be enhanced by a factor of ~6 by using
the narrow band filters, resulting in reduced temperature measure-
ment uncertainty and enabling reliable planar temperature measure-
ments in sooting flames.

Good agreements have been found between the evaluated tem-
peratures using the two kinds of filters in a non-sooting flame. In the
moderately sooting flame, both the accuracy and the precision of the
measurements have been improved by using the new narrow-band
filter to suppress the interference and to increase the indium LIF
signal collection. At the peak soot volume fraction location with a
value of 1.2 ppm, the measurement accuracy due to the presence
of interferences has been increased from 198 K to 10 K with using
the narrow-band filters. A maximum temperature overestimation of
~160 K was found at a location slightly outside of peak soot volume
fraction in the soot layer when comparing the results derived from
the two sets of filters. An average reduction of 40% in the standard
deviation of measured temperature in single-shot measurements
can be obtained by use of high transmission filters. This significantly
reduces the inter-pixel and inter-shot uncertainty and therefore
increases measurement precision. Moreover, with the combined use
of narrow-band filters and shorter camera gate-width the measure-
ment uncertainty of NTLAF in sooting flames is expected to be further
reduced.
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Abstract

Simultaneous, planar measurements of flame temperature (7, soot volume fraction (f,), primary
particle diameter (d,) and the derived number density of primary particles (N,) are reported in a well
characterized, lifted ethylene jet diffusion flame (fuel-jet Reynolds number = 10,000), both to increase
confidence in measurement accuracy and to provide new joint statistics. Planar measurements of
temperature were performed using non-linear excitation regime two-line atomic fluorescence
(nTLAF) of indium with an improved optical arrangement over those reported previously, and were
found to yield good agreement with previous measurements obtained with coherent anti-Stokes
Raman spectroscopy (CARS). Planar measurements of soot volume fraction and primary particle
diameter were performed using time-resolved laser-induced incandescence (TiRe-LII). The number
density of primary particles was then derived from the values of f, and d,. The measurements of 7
were found to yield good agreement with previous measurements obtained with coherent anti-Stokes
Raman spectroscopy (CARS). On the centreline, the measured d, starts to grow with f, and peaks at
x/d =105, shows a similar trend to previously simulated d, profile. The joint probability density
functions (PDF) of the measured 7, f,, d, and derived N, were obtained from the two-dimensional
images and assessed at 15 locations in the flame (5 radial x 3 axial locations). Strong correlations were
found between d, and f,,d,and f,,N,and T, N, and f, , and N, and d, for all flame regions. The changes

in PDFs with radial and axial locations and the most probable values are also reported.

Keywords: flame temperature, soot volume fraction, primary particle diameter, turbulent flame,

simultaneous and planar measurement



1. Introduction

Reliable measurements of well characterised turbulent sooting flames are needed to support the
development and validation of predictive models, which in turn are needed to mitigate soot emissions
from practical combustion systems that cause deleterious effects on human health and climate change
[1-3]. It is also highly desirable that such measurements not only be well resolved spatially and
temporally, but also record multiple parameters simultaneously and in multiple dimensions, due to the
complex coupling between soot, turbulence, radiation and chemistry. Of these, four parameters of
particular interest for modelling soot evolution are soot volume fraction (f,), primary particle diameter
(d,), number density of primary soot particle (V,) and flame temperature (T), which influence radiative
heat transfer in turbulent flames. However, measurements of these key parameters are rare. Previous
studies reported measurements of planar f, and laser-induced fluorescence (LIF) of polycyclic
aromatic hydrocarbons (PAHs) [4], of simultaneous f, and qualitative hydroxyl radical (OH)
concentrations [5] and of simultaneous f, and velocity [6]. Only a few simultaneous measurements
have been reported of T and f, in turbulent jet flames [7-10] and in pool fires [11, 12] and of f,, d, and
N, in turbulent flames [13, 14]. However, none of these are well resolved both spatially and temporally
and of known absolute accuracy, which is desirable for model validation. There is therefore a need for
new, more accurate and comprehensive data in a well-characterised flame.

A vital aspect of determining absolute measurement accuracy is the need for independent
measurements of identical and well characterized flames, which requires measurement by different
groups with different methods. However, to date, such independent assessments in turbulent sooting
are rare, due the difficulties imposed by the challenging environment of high fluctuations in key
parameters for diagnostic techniques [15]. To the best of authors’ knowledge, such measurements are
yet to be performed for 7', f,, d, and N,. While there are several target turbulent sooting flames available
[16-20], a good candidate flame for such measurements is that reported by Kohler et al. [16, 20],
which is a non-premixed lifted turbulent ethylene/air jet flame, due to the relatively simple burner

configuration, well studied fuel of ethylene and sufficient soot concentration for accurate
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measurement. These characteristics satisfy modelers’ needs regarding boundary conditions and flame
characteristics [21, 22]. Moreover, the authors performed comprehensive optical measurements,
including flame temperature using shifted-vibrational coherent anti-Stokes Raman spectroscopy
(CARS), flow velocity using particle image velocimetry, f, using PLII and planar laser-induced
fluorescence (PLIF) of OH and PAHs [16, 20]. This relatively extensive data set makes this flame a
good candidate firstly for assessment of measurement accuracy through independent measurements,
for example, of T and f,, secondly, for the provision of new insight and data, though the simultaneous
(and planar) measurements.

A key statistical information that is yet to be obtained for the above flame is the joint probability
density function (PDF) of T and f,, which is important for accurate predictions of radiation and
validation of soot models. Indeed, very limited data of the joint PDFs of these key parameters are
available [7-12], which is attributed to the challenging environments encountered by the diagnostic
techniques for simultaneous planar measurements. In particular, simultaneous measurements of f,
using laser-beam extinction and soot particle temperature using two-color pyrometry was performed
in piloted ethylene jet flames [7-10] and in JP-8 pool fires [11, 12], which involves a semi-intrusive,
two-ended optical-fiber probe integrates over a length of 5 or 10 mm. Alternative non-intrusive optical
thermometry methods, such as CARS, are challenging to perform concurrently with the LII technique
and have only moderate spatial resolution, typically of a few of millimeters [16, 20]. Simultaneous
and instantaneous imaging of 7" and f, with a high spatial resolution of ~ 400 ym, using nTLAF and
LII, has been demonstrated [17, 23]. However, these flames do not have sufficient soot concentration
with peak f, below 1.0 ppm and the temperature measurements by Mahmoud e? al. [17] have a
relatively high uncertainty (~ 180 K). Particularly, neither of these work provided joint PDFs of 7"and
/., [17,23]. Hence, there is a need for reliable joint PDFs in turbulent sooting flames, such as the chosen
target flame studied by Kohler et al. [16, 20]. This study is driven not only by the need for complete
data in well characterized flames, but also by the need for comparison of this with previous

measurements of the joint PDFs in other flames. There is also a need for a quantitative comparison of
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the accuracy of the nTLAF method against the more well-established CARS method. Such a direct
comparison is yet to be reported in turbulent sooting flames and is highly sought after prior to the

application of nTLAF in highly turbulent sooting flames to provide dataset for model validation.

The measurements of N, and d, are also important for advancing understanding the mechanisms
of soot formation and oxidation and validation of soot models. However, available experimental data
on N, and/or d, are mostly limited to laminar flames [24, 25] and are rare for turbulent flames [14],
especially simultaneous and planar data. While the thermophoretic sampling technique can provide
reliable and statistical information [26, 27], it has been limited to point-wise measurements. The
utilization of Rayleigh scattering and laser-induced incandescence (LII)imaging for measurements of
N, and d, suffers from the assumption of scattering behavior for soot aggregates is neglected [28] and
has unknown accuracy in non-premixed flames. Planar measurements of d, in atmospheric flames
with time-resolved laser-induced incandescence (TiRe - LII) has been found to yield good agreement
with results obtained with sampling thermophoretic method [29]. However, TiRe-LII have mostly
been applied for steady laminar flames [24, 25], with one exception of using four sequential LIl images
in an unsteady premixed flame [30]. Therefore, there is a need to extend the application of the
instantaneous planar TiRe-LII technique into the turbulent flames, both to advance the ongoing
development of the TiRe-LII technique and to provide measurements of d, in turbulent flames, as well

as N, that can be approximately derived from d, and f,.

In light of above background, the present work firstly assessed the accuracy of nTLAF through
comparison with previous results measured with CARS in the selected turbulent flame. Then,
simultaneous and planar measurements of 7', f, and d, using the combination of nTLAF with TiRe-LII
were presented for 15 different heights in the flame. Results of f, and d, along the flame centerline
were also compared with previous experimental and simulation results, as well as the joint PDFs of

the four key parameters, i.e. T, f,, d, and N,,.



2. Experimental arrangement
2.1 Burner configuration

The lifted non-premixed turbulent ethylene flame at atmospheric pressure of Kohler ez al. [16, 20]
was chosen to allow for direct comparison of their measurements of 7" and f, to the data acquired in
the present study. The burner consists of a stainless steel tube with an inner diameter of 2.0 mm and
an outer diameter of 6.0 mm. The fuel tube is tapered from the outer edge to a sharp edge at the exit
nozzle over a distance of 10 mm. A co-flow of air flow was delivered through a contraction with a
square cross-section of 310 mm x 310 mm at the upstream end, converging to 150 mm x 150 mm
over a distance of 450 mm, which differs slightly from the previous geometry [16, 20]. The tip of fuel
tube extends 50 mm above the air co-flow nozzle. The annular co-flow was conditioned, first through
a marble layer of 50.0 mm thickness and then by a stainless steel honeycomb immediately upstream
from the contraction. The burner was mounted vertically and positioned ~ 1.5 m beneath an exhaust
hood and no influence of the exhaust hood on the flame was observed. The burner was mounted on a

traverse to translate the burner, with the hood, through the optical measurement system.

The flame conditions are listed in Table 1. The instantaneous visible flame length fluctuates
between 400 mm and 500 mm and the lift-off height was 26.3 + 3.9 mm, determined by CH*
chemiluminescence. Both the flame length and lift-off height match well with values previously

reported [16], indicating that the flame has been reproduced reliably in the present study.

Table 1: Operational conditions for the sooting, turbulent non-premixed ethylene flame.

Exit Reynolds number 10,000
Fuel mass flow 10.4 g min
Co-flow air mass flow 320 g min™'
Fuel temperature 298 +2K
Ambient temperature 294 +2K

-6 -



Mean fuel jet velocity 44 ms™!

Lift off height 26.3 £3.9 mm*
Power 8.7kW
Flame length ~ 450 mm

*DLR flame reported a lifted height of 26 mm, as determined by OH*
chemiluminescence [16] and 22.3 + 1.5 mm by OH-LIF [20].

2.2 Temperature measurements with nTLAF

For the nTLAF measurement, two Nd:YAG pumped dye lasers (Quantel, TDL 90) were employed to
produce laser beams centred at 410.18 nm (the Stokes beam) and 451.13 nm (the anti-Stokes beam)
to excite seed indium [31]. Indium nanoparticles was seeded into the flame with an in-house laser
ablation system [32, 33]. The nanoparticles undergo thermal decomposition within the flame to release
indium atoms. The excitation laser pulse energies were kept at 2.5 mJ and 3 mJ, respectively, which
are in the non-linear excitation regime, while the linewidths were 0.4 cm™' and 0.3 cm ™, respectively.
The two laser beams with a ~ 120 ns temporal separation were first combined using a dichroic mirror
and then focused into a laser sheet using a telescope, which results in an interrogation region with a
thickness of ~0.4 mm and a height of ~ 10 mm. The vertical energy profile of laser sheets was
recorded with a CCD camera (MegaPlus II, ES 4020) and used for the reference laser power to derive

temperature.

Laser-induced fluorescence (LIF) of indium were imaged using two intensified CCD (ICCD)
cameras (Princeton Instruments, PM4-1024f) both with a constant gate width of 30 ns and mounted
with an image-splitter (TwinCam, Cairn). The image-splitter was mounted with a common Nikon f/1.4
lens (f=50 mm) for collection of the two LIF signals and a long-pass dichroic beam-splitter
(DMLP425, Thorlabs) for separation of the two LIF signals. This arrangement avoids any influence
of differential beam-steering on signal collection, unlike early work [17, 23]. The in-plane spatial

resolution was 67 x 67 um”. The linearity response of both cameras has an R-squared value of > 0.99
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for over 50% of their full dynamic range. Two customized narrow band-pass filters (Alluxa) were
employed for fluorescence signals collection and spectral interference suppression, centred at
451.4 nm (FHMW = 1.32 nm) and 410.4 nm (FHMW = 1.08 nm), respectively. The narrow band-
pass filters both have a peak transmission of 95% and a high specified optical density (OD) of ~ 6.0
at the excitation laser wavelengths to further suppress laser ELS signals from the soot particles. These
narrow-band filters increase both the precision and the accuracy of the measurement, while an
uncertainty that is due to the presence of the spectral interferences of 10 K at a location where the f,
is 1.2 ppm, has been reported [34]. The collection angle was verified to achieve uniform collection
efficiency in the field of view in the present study. For each flame height, 499 instantaneous shots
were acquired. The acquired images were then spatially matched, and corrected for both dark charge

and the laser sheet energy profile on a row-by-row basis.

A soot-free premixed ethylene/air flame in a Santoro-type burner was employed for the
calibration of the nTLAF system, using the approach adopted previously [31]. The burner consists of
two concentric brass tubes of 11 mm and 98 mm inner diameter. Gaseous fuel was injected through
the central tube while air was passed through the annular co-flow passage. The central fuel tube
extends 4 mm above the surface of the annular air co-flow tube. The flow rates were 0.53 L/min for
the C,Hjy fuel, 3.91 L/min and 127.7 L/min for the premixed air and co-flow air stream, respectively.
The flame temperature was measured along the centerline of the flame through the height of the laser
sheets using an R-type Pt/Pt-Rh 13% thermocouple with a wire diameter of 75 um (Omega, P13R-

003). A correction of 61 K was added to the raw measurement to correct for radiation heat loss.

2.3 TiRe-LII results

Soot volume fraction and primary particle diameter were measured with the TiRe-LII technique
described previously [33], while primary particle number density was derived from the values of these
two measured parameters by N, = fv/(dps) . The soot particles were heated with a fundamental output

(1064 nm) from a Nd: Y AG laser (Quantel, Brilliant B) formed into a laser sheet of ~ 0.6 mm thickness
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and co-aligned with the nTLAF laser sheets. The laser fluence of the excitation laser sheet was kept
at ~ 0.30 J/cm® to ensure that the LII signal is independent of the excitation laser fluence variation
without generating significant soot sublimation [35]. Four sequential LII images were collected using
four ICCD camera heads (HSFC Pro, PCO) mounted with a 435 + 20 nm interference filter (Semrock,
Brightline FF02-435/40). The gate width of four cameras were all kept at 30 ns and were delayed at
0, 60, 120 and 180 ns relative to the start of the laser pulse. The in-plane spatial resolution of each

camera images was 85 x 85 um”.

The prompt LII signal was used to determine f, and was calibrated by performing laser beam
extinction measurements in a steady ethylene/air non-premixed flame burned on the Santoro-type
burner. The flow rate of ethylene through the central tube was kept at 0.175 L/min and the flow rate
of the coflow air was 136.1 L/min, resulting in a flame length of 64 mm and a co-flow velocity of
0.3 m/s. A continuous wave laser at 1064 nm was used for the extinction measurement, which were
performed at various heights to reduce the influence of primary particle variation through the flame
on the calibration. A value of K, = 5.66 was chosen for the dimensionless extinction coefficient to the

determine soot volume fraction.

The value of d, was evaluated from the four sequential LII images by comparing the ratios of
the collected signals with predictive ratios from a LII model [33, 36]. In this model, the soot particles
are assumed to be non-aggregated and the soot particles size to have a mono-disperse size distribution.
This model was used to calculate theoretical values of intensity ratio between four collected signals
for d, between 5 and 100 nm with a 5 nm step. A constant gas temperature of 1800 K was assumed in
the model, the uncertainty associated with temperature variation is considered to be second order [37]
when compared to the precision of the current TiRe-LII technique of +20%. For example, a

temperature variation of =200 K can only result in a change of + 3 nm for soot particles with

d,=15nm or = 5 nm for d, = 40 nm [33].



3. Results and discussion
3.1 Images of temperature, soot volume fraction and primary particle size

Figure 1 presents a collage of images of flame temperature, soot volume fraction and primary particle
diameter, all averaged over 499 shots, with their corresponding root-mean-square (RMS), and an
instantaneous counterpart. Images were collected at 15 heights above the burner to provide data in all
key regions of the flame. Mean temperature data in the present work were calculated in two alternative
ways to account for the minimum detection threshold of ~ 800 K in the nTLAF method, which is due
to the temperature sensitivity of the seeded indium [38, 39] or to the lack of indium LIF signal in some
locations due to insufficient seeding or oxidation of indium atoms in the flame. In one method, the
averaged flame temperature is calculated assuming that the temperature of any data point for which
no temperature measurement was obtained is ambient, i.e. 300 K, which is denoted T _g;)x_;00x- The
second method removes such measurements, which corresponds to a conditional measurement,
denoted T 5. These two measurements can be considered as the lower and upper bounds of the mean
temperature, respectively, to provide confidence in the mean data where the two methods agree. In
addition, even in some regions where temperature > 800 K, there are some local regions in which
atomic indium may not be available. The significance of this is assessed by reporting the fraction of
the data set for which good data are obtained, termed F,,; 4.,» Which is defined by calculating the
fraction of the temperature data that is greater than 800 K. Slight asymmetry was found in all mean
images of T, f, and d,, which have higher value on the left side (laser entrance) than the right side (not
shown in Fig. 1, see radial profiles of f, in Fig. 4). Since the asymmetry persists after rotating the
burner, it may be deduced that this asymmetry was not caused by an uneven flow distribution.
Furthermore, this finding is consistent with the asymmetry in f, reported by Kohler et al. [20]. This
asymmetry is likely to be associated with the local laser fluence decrease when nTLAF and LII laser
sheets cross the flame, caused by beam steering and laser attenuation due to high local f;, and signal

trapping [40, 41].
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Figure 1a shows that a measurement of 7'_gx_;,x 1S Obtained in most regions of the flame, except
near to the axis and with a flame height (%) between 40 mm and 120 mm. Figure 1b shows that the
soot starts to become detectable at a height of ~ 120 mm and extends to the flame tip ~ 420 mm,
similar to the temperature distribution detected with nTLAF. In the middle height regions of the flame,
i.e. between 200 mm and 350 mm, the radial width of measured temperature is wider than f, and d,,
indicating nTLAF is capable of measuring temperature on either side of soot sheets. The instantaneous
images in Fig. 1d and le confirm that the region of measureable temperature is instantaneously over
a wider region than that of the soot, which is important for reliable joint PDFs. The temperature RMS
image shows the radial fluctuations are small for 7 <230 mm and increase towards the flame tip,

consistent with single-shot image shown in Fig. 1d.

The peak f, in the mean image is ~ 0.52 ppm and ~ 4.7 ppm at 2 = 310 mm in the instantaneous
image, compared with corresponding values of 0.54 ppm and 4.5 ppm at 4 = 300 mm reported by
Kohler et al. [20]. The average values of f, (Fig. 1b) are an order of magnitude lower than the
instantaneous values (Fig 1d), consistent with previous measurements [5, 42], which is due to both
the highly intermittent nature of the soot distributions [18] and the isolated, highly-wrinkled structure
of the soot distribution. In the burnout region of the flame, i.e. & ~ 375 mm, although the mean f,
decays from the peak of 0.52 ppm at & = 310 mm, the instantaneous f, can still reach a maximum of
4.6 ppm, indicating the number of occurrence of detectable £, is less than at the lower flame positions,
consistent with findings from previous measurements [Kohler Qamar Crosland]. The dimension of
the soot sheets was found to be larger in the burnout region than that of lower flame locations,
consistent with the previous measurements [16, 18] . It should also be noted that f, is detectable at
h ~ 425 mm in the mean image while 7 is not detectable at this height. This may be because: 1) nTLAF
measurements were biased since indium was consumed and temperature is relatively cold in this
region; and 2) the fluctuation in f, is much larger than that of 7 due to quick oxidation. The f, RMS

image is wider and higher in magnitude than the mean image, also indicating the highly fluctuating
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nature of the soot sheets in turbulent flames, both in magnitude and spatial distribution. The
comparison of instantaneous 7" and f, images (Fig. 1d and le) reveals that soot sheets are generally
found in the low temperature regions on the rich side of the high temperature reaction zones, consistent

with earlier measurements [7,9, 11].

Figures Ic and 1f show that d, grows from the outer edge of the flame at 4 = 120 mm towards
the central region at downstream locations, peaks at 2 = 310 mm on the axis with an averaged value
of 16 nm and ~ 80 nm in the instantaneous images and oxidises at the flame tip. The measured values
of d, are comparable with the measured values of d, by TiRe-LII in laminar ethylene diffusion flames
[25, 37], an unsteady ethylene/air premixed flame [33] and simulated results in a different ethylene
turbulent jet diffusion flames [43]. For 42> 150 mm, the d, RMS image has a similar width and
magnitude to the mean image, indicating the fluctuation in d, is less than that of f,, but larger than that

of T.
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Figure 1: Pseudo colour images of: (a) the averaged flame temperature
(T _spox-300x) and corresponding RMS; (b) the averaged soot volume fraction
(f,) with a maximum f, = 0.52 ppm and corresponding RMS; (c) the averaged
primary soot particle diameter (d,) and corresponding RMS; typical single-
shot images of T; (d) single-shot images of f, with a peak f, of ~ 4.7 ppm and

(e) single-shot images of d,,.
3.2 Temperature data

Figure 2 presents the probability density functions of flame temperature on the axis at selected heights,
together with the Gaussian fits, both for the present nTLAF measurements and for the previous CARS
measurements [20]. The nTLAF data presented were extracted from 499 (for Figs. 2a, c, d, e and f)

and 998 (for Figs. 3b and g) instantaneous image pairs, respectively, with each measurement averaged
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from a sub-array of adjacent pixels to increase signal-to-noise ratio in the raw LIF images. Most data
are reported from a 5 x 5 pixels array (0.33 x 0.33 mm?®) that is comparable with the light sheet
thickness of ~ 0.4 mm, while some data are reported for smaller resolutions, as shown in Fig. 2e. The
PDFs at measurement each location are calculated from a further array of 5 x 5 neighbouring points,
1.e. each measurement location has a total sample size of either 12475 or 24950 measurement points.
The corresponding spatial resolution of the CARS measurement is 2.2 x 0.3 mm’ and the

corresponding number of samples is 1200 shots.

The temperature distributions from the nTLAF and CARS measurements are in good agreement
over the region between 158 </h <418 mm, as shown in Figs. 2c-g. The poor agreement for
h <78 mm, where the nTLAF distribution over-predicts the temperature statistics, can be explained
by the high probability that the temperature is below the lower detection limit of the nTLAF technique

as evident that F

good data

<0.36. This shows that the nTLAF measurements in these regions of high
probability of low temperature should be treated with caution. The significance of the fraction of the
conditions for which no data are recorded can be assessed from the values of F,,,; 4., as presented in

Fig. 2h. This shows that F

cood dara 18 1rgeT than 0.9 over the region 158 < 4 < 308 mm and is also greater

than that of corresponding CARS measurements in this same region. Furthermore, while the value of

F

ood dara dECTEASES tOowards the flame tip for 4> 308 mm, the values of measured temperature are

comparable with the CARS measurement except for the region very close to the flame tip

(h =420 mm), where F

good data

15 24.1% and 61.2% for nTLAF and CARS measurements, respectively.

The most probable values of measured temperature, denoted 7,

mp>

are found to agree within 30 K
for the nTLAF and CARS data over the range 158 </ <418 mm. The width of the nTLAF data
distribution is slightly wider than that of the CARS data for 208 < 2 < 308 mm. This is attributed to
the combination of inter-pixel noise in the raw LIF images and to the variation in the laser mode from
shot-to-shot. Figure 2e presents the influence of spatial resolution on the measured temperature. It can

be seen that increasing the spatial resolution, and hence lowering the signal-to-noise ratio, results both
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in a wider distribution of the PDF and in a higher value of 7,,, than that from the low spatial resolution.
This trend is real, because high spatial resolution is subject to increased noise in the temperature
calculated from a larger number of samples, which will increase the scatter in the temperature data.
The spatial resolution of 0.33 x 0.33 mm’ gives generally good agreement with the CARS data, with
the slightly wider distribution consistent with a slightly smaller probe value, which is the reason that

this spatial resolution has been selected for further analysis.
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Figure 2: (a-g) Probability density functions (PDF) of instantaneous
temperature at selected centreline locations. The number above each figure
correspond to the number of good temperature measurements and the sample

size of temperature measurements for the nTLAF measurements. Fitted
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curves from CARS measurement [20] are shown in red lines. Part (h) presents
the axial evolution of the fraction of good temperature data, along the
centreline. Part (e) presents the various fitted curves acquired from nTLAF
data with different spatial resolutions to the 0.33 x 0.33 mm” reference case.

Figure 3 presents the axial and radial profiles of temperature from the nTLAF and CARS
measurements [20]. As shown in Fig. 3a, both the values of T_gx_;0x (black circles), corresponding
to the lower bound of mean nTLAF temperature and the values of 7.4, (blue circles) yield good
agreement with the CARS data in the central region of the flame (140 </ <300 mm). The
convergence of T _gx_s00x With T. gy, Implies a high reliability of the statistical measurements at that
location. For 150 < & < 130 mm and 4 > 300 mm, the value of T_gyx_;00x 1S lower than CARS data

while the value of 7., is larger, which is consistent with low values of F' there. The same

good data
trends can be found in the radial profiles. The good agreement between 7T _gx_;00x and CARS data,
and the overestimation of 7 4, compared with the CARS data for » < Smm at 42 = 113 mm show that
gases below 800 K within this region are dominated by entrained ambient air. There is some

disagreement between the three methods at 2 =113 mm and r =9 mm, where T _g)x_;0x matches well

with 74, at 1721 K, but both nTLAF results are lower than 7,,, and 7,

mp mean

of CARS data by 186 K
and 400 K, respectively. Towards the outer region, i.e. ¥ > 9 mm, the T g and T _gyox_300x INCreasingly
deviate from each other again as expected, due to the increasing significance of the temperatures below
800 K caused by the turbulent fluctuations of the flame. While no comparisons with the CARS data
are available here, these upper and lower-bounds to the data are nevertheless useful, and it can be

expected that the lower bound will yield a good approximation of the unconditional data.
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Figure 3: Comparison of the nTLAF data (0.33 mm resolution) obtained
from 499 images with CARS data obtained from 1200 shots. (a) Axial
profiles; radial profiles at (b) 4 =113 mm and (c) ~ = 213 mm. The averaged
lower-bound temperature (7_g,x_;00x) from nTLAF data is shown in black
lines, while the upper-bound conditional mean temperature (7, g,) is shown

in blue lines. The most probable (7,,) and mean (T,,,,) temperature from

mean

CARS measurements [20] are shown in red stars and circles, respectively.
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3.3 Soot volume fraction and primary particle diameter data

Figures 4a and 4b present comparisons of the axial profiles of measured f, and d, from the present
work with previous values of the measured f, and simulated d, [20]. The two measured axial profiles
of f, are in good agreement with each other, with a maximum difference of ~13% for
200 < h <300 mm and an agreement of within 5% for the other positions. For 2 < 150 mm along the
axis, d, is below the detection limit of 5 nm. The measured d, starts to grow with f, and peaks at
h =310 mm on the axis with an averaged value of 16 nm. The mean d, then decreases towards the
flame tip at a rate faster than it grows, similar to the f, trend. Although the measured mean d, axial
profile disagrees with simulated d, profile in absolute soot particle size, the trends are similar, except

for A > 350 mm, where the measured d, continues to decrease and the simulated d, rises again.

The radial profile of f, at 4 = 120, 160, 310 and 330 mm are shown in Fig. 4c, and compared
with the previous measurements [16]. The profiles show that the peak value is away from the axis for
h = 160 mm on the axis at more downstream locations. Very good agreement is found between the
two sets of the f, measurements, although the width of the present f, profile is somewhat less than the
previous one [16], as shown in Fig. 4c. Since the centerline f, profiles agree well, this is unlikely to be
due to misalignment of the laser sheet with the axis of the flame. It is possible that slight difference in
the environment, such as the influence of the ambient, may play a role, but the reason for this
discrepancy is still unclear. Distinct asymmetry can be seen for 4 = 120 mm in both f, profiles, which
is attributable to a reduction in the laser fluence with propagation distance by the high f, and/or by the

influence of beam steering due to turbulence.
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Figure 4: Comparison of the present and previously measured f,, and of the
present measured d, with previously simulated d, [16]. (a) Axial profiles of f,

and d,. (b) Radial profiles of f, at selected heights.
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3.4 Joint statistics of T, f,,d, and N,

Three radial locations at five flame heights have been selected to analyse the instantaneous
correlations between T, f,, d, and N,. The three radial locations at each flame height are on the
centreline, 50% and 90% of the half width of the flame (denoted as W)), respectively and are all on the
laser entrance side of the flame. i.e. left side. The flame width is determined by the contour of f,. The
position at which the joint statistics were obtained relative to the mean f, image, is illustrated by the

black dots in Fig. 5.
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Figure 5: Pseudo colour images of the averaged soot volume fraction
overlayed with selected positions for the joint PDFs presented below (black

dots).

Figure 6 presents the joint PDFs between T and f,. The pseudo colour contours represent the
probability while the outer blue line defines the boundary at which probability approached zero. These
statistics from the instantaneous data show that a strong but not circular correlation distribution exists
between T and f, at all chosen locations. The distributions of the PDFs show a strong dependence on
axial distance, while the dependence on radial distance is much stronger near to the base of the flame
than at the tip. This is broadly consistent with previous findings reported by Mahmoud et al. [17],
Coppalle et al. [7] and Shaddix et al. [10], although the present work finds a stronger dependence on
radial distance near to the base of the flame. On the axis of the flame, soot is typically formed between
1400 and 2000 K with the peak f, found between 1550 and 1750 K. These temperatures are higher
than previously reported values between 1500 and 1700 K [7] and between 1350 and 1550 K [10],
which were obtained at different flame conditions and with different measurement techniques. The
range of f, is very large, varying over some two orders of magnitude, similar to earlier findings [7,
10]. The distribution of 7 along the axis is widest near to the middle of the flame where f, peaks, while
the width of this peak also increases with radial distance, particularly at upstream locations, i.e. near
to the base of the flame. This is slightly different from the trends reported previously, it was found
that the joint PDF between T and f, is mainly dependent on the axial distance and only very weakly
depend on radial location [17]. That is, the nature of the distribution depends strongly on the position
within the flame, a simple relationship between 7" and f, may not be applied generally throughout the

flame.

Along the centreline of the flame, at x/d = 67, it was found the most probable f, is ~ 0.02 ppm,
increasing to ~ 0.1 ppm for 105 < x/d < 132 mm and then decreasing slightly to 0.08 ppm at x/d = 155.

At the flame tip of x/d =187, it decreases to ~0.02 ppm. The most probable corresponding

temperature, which increase with axial distance and then slightly decrease at the flame tip, are 1420 K,
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1500 K, 1640 K, 1900 K and 1850 K respectively. These trends of most probable 7" and f, are with
good qualitative agreement with the measurement of Shaddix et al. [10] at x/d = 140 and x/d = 200
and, although their most probable values of f, are somewhat higher at ~ 0.4 ppm for x/d = 140 and
0.1 ppm for x/d = 200. However, these differences are not inconsistent given the larger size of their
flame, their use of a pilot to achieve an attached flame instead of the present lifted flame and different
measurement techniques were employed. As shown in Fig. 6, similar trends in the most probable
values of T and f, can be found at R = 0.5W, with a slightly less change in the most probable f, with
the axial distance. At the flame edge of R = 0.9W,, neither the most probable values of T nor f, change
much. From the flame centreline to R = 0.5W,, both the value of the most probable f, and the number
of events with high f, decrease, while the most probable value of T increases, consistent with an
increasing probability of oxidation through the high temperature region. It is worth noting that, the
most probable values of f, in the joint PDFs are some four to five times lower than the corresponding
mean values of f, =0.45 ppm at x/d = 132. They are also lower at x/d = 105 and 155 by factors of
about three and five, respectively. This is found not only consistent with the large value of RMS of f,
shown in Fig. 1b, but also consistent with the very large difference between instantaneous and mean

values.
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Figure 7 presents the joint PDFs between d, and f,. A strong correlation exists between d, and f,
at all locations, which also exhibits some consistency with both radial and axial distance. The trend is
clearly shown by comparing the joint PDFs data with a reference curve shown in all subfigures. The
reference curve is fitted for the joint PDF data at x/d = 105 and R =0 W, based on the power-law
function: fv(dp) = 0.127><dpo'694 — 0.318. For all locations, the most probable value of d, is
between 8 and 18 nm, while the corresponding most probable f, is between 0.1 and 0.5 ppm. Large
primary soot particles with d, > 30 nm mostly correspond to f, > 1 ppm. There is a slight trend of data
being below the reference power-law curve near to the edge of the flame, showing that diameter
relative to volume fraction decreases with radial distance due to oxidation. It is also significant that
the distribution of range of d, increases with both axial and radial distance because of surface growth
and coagulation. The span of d, is much greater toward the flame tip, even though it falls closely on
the power-law curve throughout. At downstream flame locations, the increase in the distribution range
of d, with axial distance is consistent with a much wider range of evolution of soot particle histories.
At the centreline, both d, and f, grow from x/d =67 to x/d =155 mm and the mean value of d,
decreases slightly at the flame tip. Similar trends can be found at R = 0.5W,and R = 0.9W,. The width
of d, for a given f, value decreases radially from the centreline to the flame edge, while the maximum

d, increases radially for a given height.

-4 -



&)

—
=)

T T

o
i

T

1

—
o

TIT ¥ 7Ty

o
iy

1

—
=)

T T

f (ppm)

o
e

LEEREIL]

(¢)]

—
(=}

T

o
iy

T

1

—
o

—_
T T

O v

r r

20 40 60

dp (nm)

1.0

0.1

N~

[o0]

I

T

R

0

To)

I

ke

R

N

™

I

ke

D

- 1.0L T}

g £ o

i I

ke

: 0.1 3 X
T T 5 T T

1.0% ~

: ©

I

r ke

0.1L R

20 40 60
dp (nm)

0 20 740 60
dp (nm)

Least probable e Most probable

Figure 7: Joint PDFs of d, and f, at selected axial and radial locations.

Statistics were calculated from 499

image-sets

over an area of

5 (radial) x 3 (axial) mm’, i.e. 15 x 9 neighbouring points (with each point

binned from 5 x 5 pixels). The red line corresponds to a power-law function

fitted from experimental data.

-25 -



Figure 8 presents the joint PDFs between T and d, at selected locations, showing a strong
correlation between T and d, on the axis and near to the base of the flame. This correlation becomes
weak with both axial distance towards the tip and with radial distance toward the flame edge. That is,
both the value and the range of the most probable d, increases with axial and radial distance. Also, the
small soot particles are found at a wider range of T than the larger soot particles. At any given
positions, the most probably T is almost independent of d,, except near to the tip, where there is a
weak trend that the larger soot particles are most likely at relatively low temperature ranges. This is
consistent with the joint PDFs of 7"and f,, as shown in Fig. 6. It should also be noted that soot particles

of different sizes can be found at the flame edge, where £, is small (see Fig. 6).
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Figure 9 presents the joint PDFs between N, and T. For all locations, the most probable N, is
between 10'° and 10" m”, and is decreasing from the flame axis towards the flame edge, while the
corresponding most probable T varies with flame locations. The most probable N, increases axially
from the flame base to x/d < 132, indicating soot inception take places in these regions. The most
probable N, then decreases towards the flame tip, indicating soot particle coagulation and oxidation
occur. The value of N, reaches a maximum of 5.0 - 10" m™’at x/d = 105 on the flame axis. It was also
found that the maximum value of N, decreases from flame centre towards flame edge at all selected

flame heights, while the value of most probable N, also decrease with radial distance.
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Figure 10 presents the joint PDFs between N, and f,. A strong correlation can be seen between

N, and f, at selected locations. The most probable value of N, is between 10" and 10" m” and the
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value of the corresponding most probable f, is between 0.05 and 0.2 ppm. The value of N, increases

with the increase of f, for f, < 0.4 ppm and decreases when f, exceeds 0.4 ppm. The maximum value

of N, in all cases is ~ 5.0 x 10" m™* and the corresponding £, is ~ 0.4 ppm. For f, > 0.4 ppm, the joint

PDFs of N, and f, were fitted with an exponential function, i.e. N,(f,) = a X f,,b . A reference
exponential function, which is calculated from the PDF at x/d = 132 and R = 0W,, was plotted against
experimental data in all subfigures in Fig. 10, to identify the trend of the PDFs for f, > 0.4 ppm. Figure
11 presents the fitting coefficient, b, here denoted K, for selected axial and radial locations. It can be
found that the value of K, increases with flame heights at all three selected radial locations, i.e. the
decrease in N, with the increase of f, decreases at downstream locations when compared to upstream
locations, as shown in Fig. 11a. The decrease in N, with the increase in d, increases from the centreline

of the flame towards the flame edge, as shown in Fig. 11b.
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Figure 12 presents the joint PDFs between N, and d,,. A strong correlation can be seen between
N, and d, at all selected locations. At the base of the flame (x/d = 67 and x/d = 105), N, increases with
the increase of d, for d, < 12 nm, indicating that the soot inception by coagulation of PAHs is taking
place in these regions. At downstream and outer radial locations, where d, > 12 nm, N, decreases with
the increase of d,. This indicates the soot particles undergo coagulation and oxidation. It is worth

noting that at x/d = 132 and x/d = 155, the most probable value of N, decreases from 5.0 x 10" m™* to

1.0 x 10" m™? from the central flame region towards the flame edge, while the corresponding most
probable d, is shifted from 30 nm to 50 nm, indicating the large soot particles are brought by turbulent
transport rather than formed by coagulation of small soot particles, consistent with previous findings

[14]. The correlation between N, and d, can be described by an exponential function: Np(dp) =

ax dpb. A reference exponential function, which is calculated from the PDF at x/d = 132 and
R =0.5W,, was plotted against experimental data in all subfigures in Fig. 12, to identify the trend of
the PDFs for d, > 12 nm. Figure 13 presents the fitting coefficient, b, here denoted K, for selected
axial and radial locations. It can be found that the value of K, increases with flame heights at all three
selected radial locations, i.e. the decrease in N, with the increase of d, decreases at downstream
locations when compared to upstream locations, as shown in Fig. 13a. The decrease in N, with the
increase in d, decreases from the centreline of the flame towards the flame edge at x/d = 105 and
x/d =132, as shown in Fig. 13b. At the flame tip, the decrease rate of N, with the increase of d,, is

almost same for all selected radial locations.
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4. Conclusion

The current simultaneous measurements of 7', f,, d, and N, with the nTLAF and TiRe-LII techniques
yield generally very good agreement with previous measurements of 7" and f, in a well-characterised
turbulent ethylene sooting flame obtained using CARS and LII [16] and also provide significant new
insight. The most probable temperature matches previous measurements to within 30 K while the
mean temperatures agree well at those locations where the more than 90% of the data are within the
detection limit. A criterion has also been determined that enables unambiguous determination of where
unconditional statistics obtained with nTLAF are reliable, which is where the upper-bound and lower-
bound calculations of the mean temperature converge. For the present flame, this condition applies
for most of the central region of the flame. The PDF of the temperature measurements also agree well
for the nTLAF and CARS measurements where the spatial resolution is similar. However, the
desirability of further increasing both the spatial resolution and signal-to-noise ratio was highlighted,

with the measurements being sensitive to these parameters.

The key findings of the joint PDFs of T, f,, d, and N, from the present work are as follows:
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. The joint PDF of T and f, reveals a significant dependence on radial distance near to the
base of the flame, beyond which the dependence is mainly on axial distance. This finding

is broadly consistent with previous findings [17].

. Both the qualitative trends and quantitative values of the joint PDF of T and f, appear to
be consistent with previous independent optical measurements [10], given the
differences in the flames and measurement techniques. It was found soot is typically
formed between 1400 and 2000 K with the peak f, occurring between 1550 and 1750 K

on the axis.

. In the joint PDFs of T and f,, the value of T at the most probable f, was found to increase
along the axis from one fourth to three quarter of the flame, while the most probable f,
at these locations was found to be ~0.05 + 0.04 ppm and three to five times lower than
the mean f, values. The distribution of temperature in is widest at the most probable

value of f, values and is widest at the middle of the flame where f, peaks.

. A strong correlation was found between d, and f, for all selected flame locations and this
relationship can be well described by a power-law function that varies little throughout
the flame. Nevertheless, the distribution range of d, increases significantly with both
radial and axial distance, particularly the latter. The most probable d, is between 8 and
18 nm and the corresponding most probable f, is between 0.1 and 0.5 ppm. Soot particles

with d, > 30 nm mostly corresponds to f, > 1 ppm.

. The joint PDFs between T and d, reveals that the small soot particles distribute in a wider
temperature range than the larger soot particles. The large soot particles are found at

relatively low temperatures.

. A strong correlation was found between N, and T', which relies on both radial and axial

distance in the flame. The most probable N, is between 10' and 10" m”
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decreasing from the flame axis towards the flame edge, while the corresponding most

probable T varies with flame locations.

7. A strong correlation was found between N, and f, for all selected flame locations and this
relationship varies little throughout the flame. The joint PDFs of N, and f, show that N,
increases exponentially with the increase of f, for f, < 0.4 ppm and then decreases

exponentially when f, exceeds 0.4 ppm, with a maximum value of N, ~5.0 x 10" m”.

8. A strong correlation was also found between N, and d, for all selected flame locations
and this relationship varies little throughout the flame. In the joint PDFs of N, and d,,, It
was also found that N, increases exponentially with the increase of d, for d, < 12 nm and

decreases exponentially for d, > 12 nm.
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Abstract

A non-intrusive optical method to measure gas phase temperature in multiphase environments under
high-flux, broad-band irradiation, relevant to conditions in high temperature solar reactors was developed
and demonstrated. The high-flux irradiation with a peak flux of 450 kW/m” was provided by a 6 kW metal-
halide lamp coupled with a reflector and two concentrators. An ethylene/air diffusion flame, which contains
fine soot particles, was employed to provide a high temperature reacting flow (approximately 1800 K) with
strong optical interference from fine particles under conditions of relevance to solar reactors. Under this
environment, the proposed laser-based thermometry technique, line-wise two-line atomic fluorescence
(TLAF) has been successfully demonstrated to measure flame temperature with good spatial resolution of
~ 1 mm. It was found that the measurement inaccuracy caused by the presence of particle and the high-flux
external radiation is only 65 K at a typical flame temperature of ~ 1800 K, while the measurement precision
is 38 K. Results reveal that the presence of high-flux irradiation increases the flame temperature by typically
50 - 100 K. This paper presents a thermometry technique that is suitable for temperature measurement
within solar reactors, in particularly in hybrid solar-thermal receiver-combustor systems. The experimental

setup, measurement methodology and data processing are discussed, followed by temperature results.

Keywords: High-flux irradiation; multiphase flow, temperature, laser diagnostics.



1. Introduction

The ultilisation of solar reactors to convert solar energy to chemical energy has been demonstrated to have
potential for a wide range of applications, e.g. hydrogen production [1-4], metal production [5], upgrade and
decarbonize fossil fuels [6, 7] and solar-combustion hybrid [8]. These devices usually feature a cavity-
receiver configuration where concentrated solar energy is directed into a well-insulated enclosure through
an aperture. Concentrated solar energy is used as the heat source to drive the high-temperature chemical
reactions inside the reactors. Compared with conventional fossil-fuel based processes, these solar-driven
processes offer greatly reduced CO, emissions for high temperature processing [9]. Despite the recent
demonstrations of pilot-scale solar reactor plants [5, 10] and experimentally validated modeling of a IMW
design [11], these technologies still require further development and optimization for them to be
economically and technically ready for large-scale commercial applications. However, few, if any, detailed
and spatially resolved measurements of the distribution of important parameters such as temperature, which
controls the chemical reaction rate, are available [1]. Hence there is a need for accurate and spatially resolved

gas temperature measurements in solar reactors.

Gas temperature measurement in solar reactors, however, is very challenging because of the high
temperature environment, the presence of high-flux irradiation and, in some cases, the presence of fine
particles. Solar reactors operate at temperatures between 1600 and 2400 K [1-3, 11, 12], may also include
fine particles with diameter ranging between 0.1 and 10 um [1, 3, 13] and are subjected to a strong irradiation
with flux ranging between 400 and 3500 kW/m” [3, 4, 12, 14]. These make accurate gas temperature
measurement very difficult to perform, in particular spatially resolved measurements. The presence of fine
particles and high-flux irradiation not only prevents the application of contact probes due to the direct
exposure under irradiation and deposition of fine particles, but also hinders many optical methods due to the
strong scattering. For these reasons, in previous studies, typically only the reactor wall surface temperature
and the cavity nominal temperature were measured at several locations with the use of thermocouples [2, 3,
5, 12] and optical pyrometers [2, 3, 12]. However, the distribution of temperature is not homogeneous in the
reactor’s cavity and the temperature inside the cavity is not as same as the wall temperature [1, 12]. Hence
there is a need for a thermometry technique that can provide spatially-resolved temperature measurements

as well as being non-intrusive to the flow field inside the solar reactors.
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Laser diagnostic tools that are usually employed in the combustion research field may offer solutions
to these problems, owing to their non-intrusive nature and good spatial resolution in high temperature
environments [15-18]. However, the total radiative power in a solar reactor is much greater than the natural
radiation from a soot-free flame, and even an order of magnitude greater than that from a sooting flame [19].
This high radiation may hinder laser-based optical thermometry techniques, which are developed for
combustion diagnostics, to be applied reliably. To the best of the authors’ knowledge, only coherent anti-
Stokes Raman spectroscopy (CARS) has been successfully demonstrated to measure the gas temperature in
a solar receiver/reactor to study gas phase chemical reactions in high temperature environment [20].
However, this study has only been demonstrated in an environment without any particles and was limited
to point measurement and hence resulted in a relatively poor spatial resolution. Therefore, in the present
work, we propose another laser-based technique, i.e., two-line atomic fluorescence (TLAF) with seeded
atomic indium as the tracer species, which has been shown to have good potential for two dimensional (2-

D) temperature measurements in flames in the presence of fine particles [21-27].

In light of the above background, the present study aims to (1) demonstrate the application of TLAF
in high-temperature environments with the presence of fine particles and high-flux external irradiation and
(2) assess the precision and accuracy of the technique. The work also assesses the effect of high-flux

irradiation on temperature of a typical diffusion sooting flame.

2. TLAF Thermometry

In TLAF measurements, the gas phase temperature is derived from the intensity ratio between the two laser-
induced fluorescence (LIF) signals of the tracer (e.g. atomic indium) excited from two different lower states
to a common upper state. The population of the two lower states, hence the LIF signals, are related to the
environment temperature according to the Boltzmann distribution law [28]. The gas temperature, 7, can be
calculated using the following equation,

AE1o/k 1)
ln(sz—l)— ln(m) +C¢ .

S20 F20(E12)
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Here the subscripts 0 and / denote the two lower electronic energy levels while 2 denote the upper
energy level. S is the collected LIF signal intensity, £ is the laser spectral power density, 4E;, is the
difference in energy between electronic levels in [cm '] and has a value 0f 2212.599 cm ' for atomic indium
[29], and k is the Boltzmann constant. The system-dependent dimensionless calibration constant, C,, is
dependent on a number of experimental factors such as solid angle of signal collection and collection
efficiency of detector. The value of C, needs to be experimentally determined through a calibration process,
which is generally performed in a particle-free steady flame, where the temperature can be measured with a
thermocouple. The term of F(E) in Eq. (1) is used to correct for laser power variations during TLAF
measurements, where F is the function of LIF signals dependent on the laser power E. The function F can
be a linear function (i.e. for TLAF operating in the linear regime) [22, 30], a non-linear function (i.e. the
non-linear TLAF) [26] and even a constant (i.e. saturation TLAF) [25]. The F function also needs to be
determined in experiments. TLAF thermometry using atomic indium as tracer species is suitable for
temperature measurements between 800 and 2800 K, which is well-matched with the temperature inside the

solar reactors.

3. Experimental Details
3.1 TLAF setup

Figure 1 presents a schematic diagram of the TLAF arrangement. Two Nd:YAG pumped dye lasers
(Quantel, TDL 90) were employed to produce laser beams centred at 410.18 nm and 451.13 nm,
respectively. Atomic indium in the flame was then excited to the same upper state (62S,) from two lower
states (5°P;,, and 5°Ps). The laser pulse energies were kept at 1.0 uJ/pulse and 2.8 uJ/pulse, respectively.
The two laser beams with a ~ 120 ns temporal separation were first combined using a dichroic mirror
(Thorlabs, DMLP425) and then focused into round laser beams using a spherical lens (= 1000 mm). The
combined laser beams were directed through the centre of the burner and propagated at an angle of 30°
relative to the central axis of the solar simulator. An aperture was placed 20 mm from the outer edge of the
burner to reject stray light from the incident laser beams. The laser energy was monitored by recording laser
beams reflected by a glass plate using a fast photomultiplier tube (PMT) coupled with a 2 GHz oscilloscope

(LeCroy, 204MXi-A).



Figure 1: Schematic diagram of the experimental arrangement for the

TLAF measurement. The Santoro-type flame and the focal zone of the

simulated solar irradiation are also shown.

The two LIF signals were imaged using two intensified CCD (ICCD) cameras (Princeton
Instruments, PI-MAX II) mounted with standard Nikon f/1.4 lenses (f= 50 mm). Two custom-made narrow-
band filters (Alluxa) with a full width at half maximum (FWHM) of ~ 1.2 nm, a peak transmission of 95%

and a high optical density (OD) of ~ 6.0 at the excitation laser wavelengths were used for fluorescence

signals collection at 451.13 nm (62S1/2 — 52S3/2 transition, the Stokes signal) and 410.18 nm (625 12— 52S1/2
transition, the anti-Stokes signal). A dichroic mirror (Thorlabs, DMLP425) was placed in front of the two
cameras to allow spectral separation of two LIF signals and that of the elastic laser scattering (ELS) signal
from the corresponding LIF signal. The gate width of both cameras was kept at 30 ns. The lasers, cameras
and the oscilloscope were synchronized using a digital delay/pulse generator (Stanford, DG535). All LIF
images were accumulated from 200 instantaneous shots to enhance the SNR and to allow temporal-
dependent light scattering background to be accounted for (more details are discussed below). The TLAF
laser beams were passed through the central axis of the flame and translated in the axial direction to measure

radial profiles of flame temperature at various flame heights.

In all data processing, the LIF radial profiles were acquired by integrating the LIF signal intensity

over an axial distance where the intensity had dropped to ~ 12% of the peak intensity value. The resultant
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spatial resolution of line-wise temperature measurement was 0.95 mm. It should be noted that this
demonstrated technique is also capable for planar temperature imaging, where the laser energy profile
correction needs to be performed. However, to avoid the uncertainty associated with the out-of-plane
fluorescence from atomic indium generated by secondary, scattered excitation from soot up-beam in the

flame, line-wise configuration was chosen.

3.2 Burner and flames

A laminar ethylene/air diffusion sooting flame burned on a Santoro-type burner was selected to provide a
high temperature, particle-laden environment. The burner consists of two concentric brass tubes with inner
diameters of 10.5 mm and 97.7 mm, respectively. The central tube surface extends 4 mm above the surface
of the annular air co-flow tube. A series of wire meshes and glass beads at the bottom of the burner, together
with a stainless steel honeycomb at the final stage were used to condition the flows of fuel and co-flowing
gases. Gaseous fuel, C,H4, was passed through the central tube at a flow rate of 0.184 standard liters per
minute (L/min) or 0.0322 m/s. Co-flowing air was delivered through the annular co-flow passage at a flow
rate of 127.7 L/min or 0.288 m/s. The visible flame height (L;) was 64 mm. All temperature measurements
were carried out in this sooting flame, in which the peak volume fraction of soot is ~ 10 ppm without the

irradiation and ~ 16 ppm under the irradiation [31].

A soot-free, premixed C,Hu/air flame was employed for calibrations of the value of C, and the
function of F (see Eq. (1)). The flow rates were 0.53 L/min for the C,H, fuel, and 3.91 L/min and
127.7 L/min for the premixed air and co-flow air stream, respectively. The calibrations were performed in
the product zone in the flame with a uniform temperature of 1,840 K, as measured by an R-type Pt/Pt-Rh
13% thermocouple with a wire diameter of 75 um (Omega, P13R-003). A temperature correction of 61 K

was added to the raw measurement to correct for radiation heat loss from the thermocouple.

3.3 Seeding arrangement

Indium nanoparticles was seeded into the flame with an in-house laser ablation system [32-34]. The fuel gas
stream transports the indium nanoparticles from the ablation chamber into the flame. The nanoparticles

undergo thermal decomposition within the flame to release indium atoms. The mass flow rate of the

_7-



nanoparticles seeding is approximately 160 xg/min, which results in a seeding concentration of a few parts
per million (ppm). This seeding method offers the advantage of imposing minimal disturbance on the flame
temperature and chemistry of the relatively small Santoro-type flame. This seeding method is therefore
suitable for temperature measurement inside hybrid solar-thermal receiver-combustor where combustion is
present. Alternative seeding method such as seeding droplets of dissolved indium salt solvent using a

nebuliser [35] or seeding vapor phase tri-methyl-indium [36, 37] may also be employed.

3.4 Solar simulator

A 6 kW metal halide lamp (Osram, HMI 6000), with a 50 Hz single phase AC power supply, was employed
as the light source to provide high-flux irradiation. The irradiation of the lamp oscillates at a frequency of
100 Hz. This lamp provides a good match in spectra with the solar resource [38]. An alumina and silica
surface coated ellipsoidal reflector, with a focal length of 3000 mm, was close coupled to the lamp to
concentrate the irradiation. The irradiation is further focused by co-aligning secondary and tertiary
concentrators with the axis of the primary concentrator, following earlier work [38, 39], as shown in Fig. 2.
The burner was placed at the focal plane between the secondary and the tertiary concentrators, with a
distance of 50 mm from each. To ensure the burner and the flame were not influenced by radiant and
convective heat transfer from the concentrators, both concentrators were water-cooled. Their surface
temperature was less than 50 °C, as measured by an infrared thermometer immediately after turning off the

lamp.
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Figure 2: Schematic diagram of the experimental arrangement of the solar
simulator and the flame. Note that the distance between the primary and

secondary concentrators is truncated.
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Figure 3: (a) Image of the natural flame luminosity from the sooting flame.
(b) Radiative flux distribution at the focal plane of the solar simulator which
is on the centreline of the flame. The flame’s relative position on this plane

is also shown with the square boxes.

The focal point of the solar simulator was positioned 23.5 mm above the burner. The cross section
of the radiative flux distribution at the focal plane of the solar simulator, which is also on the centreline of
the flame, is presented in Fig. 3b, as calculated with an experimentally validated Monte-Carlo ray tracing
simulation [38]. The relative position of the flame to the irradiation at this plane is also shown as a location
reference in Fig. 3. The maximum value of this heat flux was 450 kW/m® at a height above burner (HAB)

of 23.5 mm, while its average within the flame region was 27 kW/m’.

4. Processing Methodology
4.1 Correction for light scattering

Under irradiation from the high-flux solar simulator, strong and broadband light scattering was generated
from the flame regions where soot is present. The scattering can cause a significant background to the LIF
signals even though high-quality narrow-band filters were applied, hence resulting in a large measurement
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uncertainty if no correction is applied. Since the flame is steady and the scattering from irradiated particles
can be recorded in the absence of the TLAF laser beams, the scattering can then be removed by background
subtraction from images recorded in the presence of the TLAF laser beams. In measurements, 200
instantaneous images were recorded at ~3 Hz and the averaged images were used for background
subtraction and temperature derivation. The use of averaged images in data processing is not only because
this approach can improve the signal-to-noise ratio of the data, but also because this approach can smoothen
the fluctuation of the scattering due to the fact that the irradiation from the lamp oscillates at a frequency of
100 Hz in both intensity (= 30%) and spectrum [38]. The mismatch between the collection frequency and
that lamp operation frequency as well as the number of images ensure that aliasing does not have any effect

on our results.

4 Stokes 4 anti-Stokes
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Figure 4: Radial profiles of the total laser-induced emission (black lines),
background from scattered light (red lines) and the deduced radial profile
of pure indium LIF signal (blue lines) obtained by subtraction. Data are
shown for (a) the Stokes process and (b) the anti-Stokes process at a HAB
of 42 mm. (c) Radial profiles of the temperature calculated from LIF signals

without and with correction for scattered light background.

The correction for light scattering is necessary to derive accurate gas temperature. Figure 4 presents
the averaged radial profiles of the Stokes (Fig. 4a) and anti-Stokes (Fig. 4b) LIF signals without and without
light scattering background correction at a HAB = 42 mm in the flame, in which the laser beams enter from
the left side. The asymmetry in the Stokes and anti-Stokes signals stems from the non-uniform seeding of
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indium and does not affect the temperature measurements as the temperature is derived from the ratio of the
two LIF signals. Figures 4a and 4b reveal the scattered irradiation causes significant interference to LIF
signals. For example, the magnitude of the scattered irradiation is about 3% (Stokes) and 17% (anti-Stokes)
of the total emission collected at radial distance of 3 mm, respectively. Such amount of interference, if not
corrected for, can cause a large error in the derived temperature, as shown in Fig. 4c. Flame temperature can
be underestimated by 100 - 250 K without scattered irradiation corrections. In addition, the temperature
profile spans from the centerline to » = 8 mm because the lack of signal on the lean side of the reaction zone

for r > 8 mm.

4.2 Calibration process

To obtain the calibration function F for the Stokes and anti-Stokes processes, calibration curves between
the LIF signal and laser energy were obtained by recording the LIF signal at different laser energies. Figure
5 presents the calibration curves for the Stokes and anti-Stokes processes. Each measurement intensity was
integrated over an area of 3.1 mm (14 pixels) X 1.1 mm (5 pixels) in the axial and radial directions,
respectively, at HAB = 40 mm on the axis. Since the calibration curves were acquired from averaging 200
single shots rather than from single shots, the function for calibration curves is therefore not limited to the
nTLAF equation. Two alternative calibration functions were assessed for both the Stokes and anti-Stokes
processes, namely the nTLAF equation and a power-law function, as shown in Table 1. It can be seen that
the power-law function yields the higher R-squared values than the nTLAF equation for both the Stokes and

anti-Stokes processes. The power-law function was therefore used for the following temperature derivation.
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(b) the anti-Stokes processes in TLAF measurements. Dashed lines presents the

fitted curves derived from nTLAF and power law equations.

Table 1: Equations for fitting the calibration data (see Fig. 5) for the calibration constants.

Equation Equation format R” value
description d Stokes Anti-Stokes
a
TLAF F(E) =——= 0.9754 0.9702
! E)=E+p
Power-law F(E) = aEP 0.9873 0.9804

4.4 Measurement precision and accuracy

The precision of the measurement was assessed by calculating the statistics of flame temperature measured
within the uniform temperature region in the soot-free calibration flame. Figure 6 presents the histogram of
temperature values over an area of 3.1 mm (14 pixels) x 1.1 mm (5 pixels) at HAB = 40 mm on the flame

axis. The standard deviation of the measured temperature is approximately ~ 38 K, or 2.2%, about the

mean value of 1857 K.
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The measurement accuracy of TLAF in sooting flames is mainly related to the uncertainty of
temperature measured in the calibration flame and the laser-induced interferences in the sooting flame from
particles and polycyclic aromatic hydrocarbons (PAH) [40]. The former uncertainty is directly related to the
calibration method and the latter is more complex due to the non-uniform distribution of soot and PAH and
their changes in the presence of the external irradiation [23]. The uncertainty associated with the calibration
can be improved by employing a more accurate calibration method. Here, only the assessment of the
accuracy affected by the spectral interference is presented. The amount of spectral intensity was measured
with off-resonant laser excitation. Figure 7 presents the radial profiles of emission recorded with on- and
off resonant laser excitations for Stokes (Fig. 7a) and anti-Stokes (Fig. 7¢) processes. All results were
averaged over 200 single shots and recorded at HAB = 35 mm in the absence of the external irradiation. It
was found that the spectral interference from soot and PAH is very weak even with a peak soot volume
fractions of ~ 10 ppm , attributing to the good blocking abilities of the filters and beam-splitter. Figure 7b
and 7d present the resulting signal-interference ratio (SIR) for Stokes and anti-Stokes processes,
respectively. The SIR spans from 60 to 80 in the region from » = -8 mm to » = 0 mm for the Stokes process
and from 30 to 70 in the same region for the anti-Stokes process. For the radial position with the lowest SIR
values, i.e. at the centreline, the SIR is 70 (Stokes) and 40 (anti-Stokes) and the resulting accuracy of the
measurement due to the presence of interference has been estimated to be 45 K. In the presence of the solar
irradiation, the spectral interference is expected to increase by 60% due to the increase of soot volume
fraction by 60% (peak f, ~ 16 ppm) [32], whereas the resultant uncertainty is estimated to be 65 K. It should
be noted that the SIR can be enhanced by increasing the seeding concentration of indium and hence reducing

the uncertainty from spectral interferences.

S.  Temperature Results

Figure 8a presents the centreline temperature measured in the sooting flame with and without the high-flux
irradiation, respectively. It can be seen that the flame temperature on the centreline increases with irradiation
at all flame heights measured. This temperature increase is more clearly shown in Fig. 8b. The temperature
increases more gradually with HAB from approximately zero at HAB = 9 mm to a maximum of ~ 100 K in

the range of 26 mm < HAB <41 mm and then decreases to a steady value of ~ 50 K close to the tip of the

-14-



flame. This trend of temperature increase along the flame centerline is generally consistent with the
distribution of the irradiative flux (see Fig. 3), and it may also be relevant to the distribution of soot which

is the primary species to absorb the external irradiation [31].

Figure 9 presents the measured radial profiles of temperature at five flame heights with and without
the solar irradiation. At HAB = 12 mm, the two temperature profiles coincide over the range 0 < < 5.5 mm.
However, the irradiated case has a maximum increase of ~ 150 K at » = 6.5 mm relative to the without
irradiation case. The temperature profiles also converge at » = 7.4 mm where the temperature is 1356 K. At
HAB =26, 32 and 42 mm, the increase in temperature in the irradiated cases occurs throughout the entire
radial profile. The maximum increase occurs at HAB = 32 mm, where the average increase across the entire

radial profile is 242 K and the maximum increase is 332 K at » = 4.5 mm.
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Figure 8: Temperature along the axis of the Santoro flame (a) with and
without irradiation from the simulated solar irradiation; and (b) the
difference between these two cases. The temperature was integrated over

an axial width of 1.8 mm.
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Figure 9: Radial profiles of temperature in a Santoro flame at various

flame heights with and without irradiation from simulated solar light.

6. Conclusions

A one-dimensional TLAF technique has been developed to enable accurate gas phase temperature
measurements in a particle-laden environment with the presence of high-flux external irradiation (a peak
flux of 450 kW/m?) that is relevant to solar reactors. The method to suppress scattering from the irradiated
soot particles was described, which is the main interference to the TLAF signals, while the laser-induced
interference from particles and other large molecules is negligible. It was found that the method with a
measurement precision of 40 K and an accuracy of 65 K is reliable for gas phase temperature measurements

in such a hostile environment.
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The high-flux solar irradiation was also found to increase the flame temperature by up to ~ 100 K
at heights between 2.5 to 4 diameters and by ~ 50 K elsewhere on the centreline. The radial profiles of
temperature show similar trends. The increase in temperature in the flame is attributed to absorption of the
simulated solar irradiation by soot particles, followed by heat transfer to the surrounding gases, and by

gaseous species in the flame.
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Chapter 7

Summary and Conclusions

The aim of this dissertation is to develop and apply an effective single-shot
temperature imaging technique for turbulent sooting flames, with a peak
soot volume fraction (f,) of several parts per million. The specific aims
of this research are the following: (1) to advance current understanding
of the nanoparticle seeding technique and the influences of nanoparticle
seeding on the NTLAF technique; (2) to assess the characteristics of
interferences to both the Stokes and anti-Stokes LIF signals in highly
sooting flames with a peak soot volume fraction of several parts per million;
(3) to identify a means to achieve a sufficient signal-to-interference ratio
(SIR) in highly sooting flames and to assess the efficacy of the adopted
means for reducing the measurement error to the resulting temperature
measurement; (4) to assess the accuracy of the improved NTLAF technique
in a well-characterised turbulent sooting flame through a comparison
with a previous CARS measurements and to increase the understanding
of soot evolution in well-characterised flames from simultaneous and
planar measurements of the joint probability density function (PDF)
statistics of temperature and soot volume fraction; and (5) to develop a
line-wise NTLAF configuration to enable temperature measurements in a
highly sooting laminar flame under strong interference from high-flux irradi-
ation and to assess the precision and accuracy of temperature measurements.

The mechanisms of a novel seeding method, nanopaticle seeding, which
offers the advantage of having less influence on the flames than the nebuliser
seeding method does, were investigated. The first mechanism found was
that LIF signal generation was associated with the vapourisation of indium
nanoparticles into the gas phase by thermal decomposition, particularly
in the high temperature region of the flame. A further mechanism for the
thermal decomposition of the nanoparticles, that of heating the ablation
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products by in-situ laser ablation, was also identified. With the identified
mechanisms of indium LIF signal generation from nanoparticle seeding, the
possible influences of nanoparticle seeding on the NTLAF technique was
found to be insignificant in most flame locations, where indium nanopar-
ticles undergo completely decomposition and disappear. The results also
suggested that it may be possible to employ an additional pre-ablation
laser to accelerate the thermal decomposition of the nanoparticles within
the measurement volume slightly before the NTLAF measurement at flame
positions close to the burner exit.

The applicability of the NTLAF technique in highly sooting flames has
been assessed by investigating the sources of the spectral interferences on in-
dium LIF signals. Three types of spectral interferences have been identified,
which are: laser-induced fluorescence by PAH species, laser Mie scattering
and laser-induced incandescence from soot particles. The LIF of PAH and
LIT interferences were both broadband and were spatially, spectrally and
temporally over-lapped with the fluorescence signals for both the Stokes and
anti- Stokes processes. The understanding of the characteristics of these
interferences lead to the design and implementation of a set of custom-made
narrow-band filters (FWHM = 1.2 nm) for interference suppression. It has
been shown that superb signal-to-interference ratio could be achieved by
using the narrow-band filters, resulting in an increase in both the accuracy
and the precision of the temperature measurement. It has been found
that the measurement accuracy that is due to the presence of spectral
interferences has been improved from 198 K to 10 K at a location where
the soot volume fraction is 1.2 part per million. An average reduction of
40% in the standard deviation of the measured temperature in single-shot
measurements has also been achieved with the use of high transmission
filters. The knowledge on the spectral interferences and the utilisation
of narrow-band filters have resulted in reduced temperature measurement
uncertainty and have enabled reliable planar temperature measurements in
highly sooting flames.

The accuracy of the improved NTLAF technique was assessed by
comparing results to that obtained with an independent method on a
well-characterised, lifted turbulent ethylene jet flame with a peak soot
volume fraction of several parts per million. The results showed that
the temperature measurements with the NTLAF technique yielded good
agreement with previous measurements obtained with CARS technique. In
particular, the most probable temperatures agreed within 30 K and the
mean temperatures agreed well at those locations where more than 90%
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of the data were within the detection limit. This applies to most of the
central region of the flame. Furthermore, the probability of a strong signal
was found to be a reliable determinant of the extent to which the two
techniques agreed. Sensitivity of the measurement to probe resolution was
also found, highlighting the need for good spatial resolution in temperature
measurements. This direct comparison of temperature results demonstrates
the capability of the improved NTLAF technique for single-shot temperature
measurements in highly sooting flames.

Simultaneous soot volume fraction measurements was performed with
LIT technique in the same lifted turbulent ethylene jet flame to advance the
understanding of soot evolution in turbulent flames. The joint probability of
temperature and soot volume fraction was found to depend more strongly on
axial than on radial distance, consistent with previous trends found in other
flames. The typical most probable values in the joint PDF were measured
for the first time in this flame to be f, ~ 0.08 part per million and T ~
1500 K from three flame heights. The values of the joint probability density
function were also found to be consistent with previous measurements by
the Sandia group that were obtained with an alternative technique given
the differences in flame size and lift-off height, although a direct comparison
would be needed to quantify the level of agreement. These measurements
have provided reliable experimental data to advance detailed understanding
of the soot formation and oxidation processes in turbulent sooty flames.

Line-wise NTLAF has also been developed to enable flame temperature
measurements in laminar non-premixed ethylene sooting flames under
strong interference from high-flux, broad-band irradiation, which is relevant
to the high temperature conditions of solar receiver-combustors. The
strong scattering interference to the NTLAF signal from the irradiated
soot particles was found to be 3% for Stokes and 17% for anti-Stokes LIF
signal. This interference was accounted for by subtracting the background
image of the scattered light from the LIF images. A signal-to-interference
ratio of 60-70 and 20-40 was found for the Stokes and anti-Stokes process,
respectively. The measured averaged temperature probability distribution
has a standard deviation of 40 K or 2.2%, while the measurement accuracy
due to the presence of spectral interferences was 45 K. The high-flux solar
irradiation was also found to increase the temperature of the flame by up to
~ 100 K at heights above burner (HAB) between 26 mm and 41 mm and
by ~ 50 K elsewhere on the centreline. The radial profiles of temperature
show similar trends. The line-wise TLAF and its demonstrated accuracy
enables reliable flame temperature measurements in highly sooting flames
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under high-flux, broad-band irradiation.

In summary, this dissertation presents a breakthrough in flame temper-
ature measurements in highly sooting flames with soot volume fractions of
several part per million, which is important for the study of the fundamental
processes of turbulent non-premixed flames that contain soot.

7.1 Future Work

This dissertation reports significant advancement of a single-shot laser-based
temperature imaging technique for sooting flames with a peak soot volume
fraction of several parts per million. Future investigations can be under-
taken to further improve this technique and to complement the results of
this research:

e In addition to using narrow-band filters (FWHM = 1.2 nm) to improve
the precision and accuracy of NTLAF measurements in highly sooting
flames, it is also worth investigating potential means for further
improvement. For example, to use a detector gate width that is
shorter than the one used in the current NTLAF system of 30 ns, this
has been estimated to offer a less than a factor of two improvement
in signal-to-interference ratio. A laser with a line width narrower
than ~ 0.35 cm™! can also be used to enhance SIR. However, the
application of lasers with such a narrow line width may suffer from
reduced spectral overlap between the laser line width and the indium
absorption lines. In addition, narrow-band filters with a bandwidth
less than 1.2 nm may also be an effective means at the expense of
having a reduced angle of view.

e The effects of shot-to-shot variations in laser modes on temperature
measurements are worth investigation. This can be done by moni-
toring the variations using an oscilloscope to estimate their potential
influence on temperature measurements.

e At sufficiently high soot volume fractions (e.g., ~ 10 part per million),
it has been found that out-of-plane fluorescence from atomic indium
generated by secondary, scattered excitation from soot up-beam in
the flame that becomes noticeable and may impose uncertainty on the
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temperature measurements. Although the soot volume fraction under
these operating conditions exceeds most measured values in turbulent
flames, which is the main target of the planar NTLAF technique,
it may still be worth investigating the effect of this phenomena on
NTLAF measurements. Among potential solutions, structured laser
illumination may offer the potential to resolve this issue [98, 99].

e The findings from the investigation of the indium nanoparticle seeding
method indicates that free indium atoms generated from in-situ
laser ablation may exist in the air for up to 10° ns, making indium
nanoparticles a potential candidate for an atomic tagging velocimetry
tracer species. In comparison with conventional molecular tagging
technique [100], which uses gas species such as NO as the tagging
species, the atomic indium tagging technique offers stronger LIF signal
and produces less diffusion into the flow, allowing less seeding con-
centration and more accurate small-scale measurements in turbulent
environments. However, it should be noted that the indium atoms
are not conservative scalars and may be consumed in the flames. In
addition, the proposed atomic tagging velocimetry technique cannot
measure out-of-plane velocity vectors.

e In turbulent non-premixed flames, the influence of local de-
focusing /focusing of the laser sheet from beam steering may result in
an inhomogeneous laser profile [101], imposing uncertainties on laser
profile correction and, hence, on the temperature results. This, along
with signal trapping, is also worth further investigation.

e From this research, it was found that for band-pass filters with a
sufficiently high optical density at the excitation wavelength (e.g., ~
6), the NTLAF technique might be immune to strong scattering. This
makes NTLAF not only resistant to scattering from soot particles
in highly sooting flames but also to strong scattering from the wall,
making NTLAF a good candidate for wall-temperature measurements.
However, this is yet to be assessed.

e Finally, a new analysis method should be developed to analyse the
simultaneous, planar soot volume fraction and temperature data in
turbulent flames. This method should be able to extract information
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such as local gradient of gas temperature and to quantify soot sheets.
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